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1. INTRODUCTION 

A design s tudy ,program of thermionic r e a c t o r  power systems f o r  nilcleez 
e l e c t r i c  propell-ed,  unmanned s p a c e c r a f t  das i n i t i a t e d  by the General  
E l e c t r i c  Company on February 4 ,  19G9 f o r  t h e  Yet Propuls ion  Labo.:atol-:- 
under Contract  Number JPL  952381. The purpose of t h i s  program i s  t o  
provide designs of s e l e c t e d  thcrmionic r e a c t o r  power sys  tems inti-.- 
g r a t e d  wi th  nuc.!ear e l e c t r i c  unmanned s p a c e c r a f t s  over the range of 
70 t o  500 kWe utlconditioned power. The key des ign  o b j e c t i v e  i s  a  
weight  of 10,000 pounds, inc luding  r e a c t o r ,  s h i e l d i n g ,  s t r u c t u r e ,  
r a d i a t o r s ,  porue:? cond i t ion ing ,  and t h r u s t e r  subsys tems a t  a  300 kW(e' 
unconditioned power l e v e l .  Spacec ra f t  propuls ion  w i l l  be provided b:; 
mercury e l e c  t r o  1 bombardment ion  t h r u s  t e  r engines .  

The program i s  j ivided i n t o  f i v e  p r i n c i ~ a l  t a s k s :  

a .  Task 1 - System R 
P -- ~d - Evaluat ion  -- - The purpcse 

of t h i s  t a s k  i s  t o  e s t a b l i s h  pisogram gui.delines,  program 
f u n c t i o n a l  des ign  requirements and sys  tern e v a l u a t i o n  
c r i t e r i a  . 
Task 2 b *  -_____ - Tile purpose of t h i s  t a s k  i s  
t o  preDare b a s i c  s p a c e c r a f t  designs f o r  a J u p i t e r  orbi t :er  - * 

mission. Pre l iminary  des ign  layouts  of t h e  major space- 
c r a f t  components and s t ruc tura ' !  ana lyses  of the  supp0rt:ing 
s t r u c t u r e  w i l l  a l s o  be included i n  t h i s  t a s k .  

c .  Task - - - 'Che purpose of t h i s  t a s k  i s  
t o  des ign  and opt imize the  the,cmionic r e a c t o r  power p l t ~ n t s  
f o r  e ~ c h  of t h r e e  ca,ndidate r e . l c t o r  concepts  (Gulf- 
Gener; 1 Atomics, General  E l e c t c i c ,  and Fai rchi ld-Hi l le l : )  . 

d.  T a s k /  - The purpose of c h i s  
t a s k  i s  t o  develop the necessary a n a l y t i c a l  procedures and 
compui:er codes requi red  t o  conduct power p l a n t  des ign  and 
opt imiza t ion  c a l c u l a t i o n s  and t o  perform parametr ic  
s t u d i e s  . 

e .  Task ! j  -- - Missio - The purpose of t h i s  tas'k 
i s  t o  prepare  pre l iminary  d e f i n i t i o n s  of pre- launch,  
launcll and mission opera t ions ,  and t o  a s s e s s  the  impact 
of ae:cospace nuclear  s a f e t y  requirements upon power 
p l a n t  des ign .  



The des ign  s tudy i s  performed i n  two consecut ive  phases:  

a. Phase I - Design of unmanned s p a c e c r a f t  conf igura t ions ,  
inc luding  power p l a n t s ,  f o r  each of t h e  t h r e e  candida te  
therm'ionic r e a c t o r  concepts . Key ground r u l e s  inc lude  : 

300 kWe unconditioned power 

NaK-78 coo lan t  

@ 1350°F r e a c t o r  o u t l e t  temperature 

e Copper-s ta in less  s t e e l  cont3uction f i n  r a d i a t o r s  

@ 2~ 0'1: maximum e l e c t r o n i c  c  ~mponent temperature limi t s  

0 1 C  ,000 pounds power p l a n t  ideight (design o b j e c t i v e )  

@ 10,000 t o  15,000 f u l l  power hours .  

b .  Phase T I  - I n v e s t i g a t i o n  of the  e f f e c t  of key parameters 
on power p l a n t  design:  

1. Paireus l e v e l :  70 t o  500 ldde 

2 .  C o o l ~ . n t :  s u b s t i t u t i o n  of l i t h i u m  f o r  NaK-78 

3. Radiator  type: t h e  use  of b e r y l l i u m / s t a i n l e s s  
s t ee l .  o r  vapor f i n  r a d i a t o r s  

4 .  Exterided l i f e :  20,000 f u l l  p w e r  hours 

Program e f f o r t  i s  p rogress ing  w e l l ,  and i s  c u r r e n t l y  on schedule .  A 
key Phase I mi1est:one has been completed wi th  the  s e l e c t i o n  of a  
c o n i c a l  r a d i a t o r  conf igura t ion ,  mounted i n  t h e  upr igh t  p o s i t i o n  on 
t h e  T i t a n  I I I C / 7  ;I-aunch v e h i c l e .  The power condi t ioning  subsys tern 
d e f i n i t i o n  has been completed f o r  the  bonded, wet c e l l  f l a s h l i t e  
r e a c t o r  concept.  The l e v e l  of coml3letinn of t h e  s p a c e c r a f t  weight 
opt imiza t ion  c o m p ~ ~ t e r  code exceeds 70 pe rcen t .  Other Phase I resu l - t s  
have been previous ly  repor ted  (Reference 1) .  





0 2 .  TECHNICAL DISCUSSION 

The p r e s e n t a t i c n  of the fo l lowing m a t e r i a l  fo l lows t h e  program task 
s t r u c t u r e  a s  ou t l ined  i n  Sectj-on 1. Th.t?results of t k e  s tudy  f o r  
t h i s  r e p o r t i n g  period a r e  summarized i n  Sec t ion  3 ,  Cor,cLusions, and 
Scc t i o n  4 ,  Recommendat ions .  

2 . 1  SYSTEM EC!UIREPENTS 

Key program g u i d e l i n e s  and fundamental design requi rer .en ts  have been 
defined and prc!viously repor ted  (Reference 1 ) .  This r e p o r t  a l t e r s  
one work elemerlt t o  be performed a s  ' follows: 

* The efyiect on system weight of varying NaK-78 r e a c t o r  
o u t l e t  tempera-tures w i l l  i n v e s t i g a t e  the  temp2rature 
range of 1100 t o  1 6 0 0 ~ ~ .  

2 , 2  SPACECPAFrC DESIGN - TAUTfCH ORIENTATION AND SPACECXAFT STRUIZTWL 
REQUI REIcfEI?TS 

The conical. an11 t r i f o r m  r a d i a t o r  conf 2-guratiora, Po in t  - of  -Depart  re 
( o r  b a s e l i n e )  trlesig~zs p rev ious ly  es tab1 ished (Referents 1 )  have been 
evaluated i n  terms of  t h e  a d d i t i o n a l  s t  ructezre r equ i red  t o  s u r v i v e  
t h e  launch environments imposed by the T i t a n  I I I C / 7  l zxnch v e h i z l e .  
This eva lua t ion  was accomplished a s  a  f ~ ~ ~ ~ c t i o n  of t h e  s p a c e c r a f t  
o r i e n t a t i o n  on the  launch v e h i c l e ,  u p r i g h t  o r  i n v e r t e d ,  and t h e  
u t i l i z a t i o n  of the  'Launch velzisle shro~!d as  launch s c g ~ o r t  s t r u c t u r e .  
The p r e f e r r e d  system i s  i d e n t i f i e d  a.s t,he coraical r a d i z t o r ,  con- 
f igured  i n  the  upr igh t  p o s i t i o n  on t h e  launch v e h i c l e ,  This 
conf igura t ion  provides the rnaxi111~111 E n i i : i a l  Mass i n  Ezr  rh O r b i t  (ZMEO) , 
and t h e r e f o r e  r equ i res  t h e  minimum s t r u c t u r a l  a d d i t l c r .  necessary  
t o  su rv ive  launch, r e l a t i v e  t o  a  s p a c e c r a f t  nominally optimized f o r  
thermal performance, 

The r e s u l t s  of t h i s  a n a l y s i s  w i l l  be  employed i n  the  ; ' ;eight 
op t imiza t io~z  computer code being developed f o r  t h i s  ccudy 
(Paragraph 2 . 6 )  . P a r t i c u l a r  s  t r u c  tura-L requirements' i o r  t h e  tl-.ree 
spacecraf  k t o  be  def ined will.  be separ i i te ly  eva lua ted ,  

2 , 2 . 1 , 1  Titan ZIIC - Launch Environment 

Discussions wi th  Martin Denver, T i t an  111 S t r u c t u r a l  3-ynami.c~ I,oads 
group, ind ica ted  t h a t  the  Stage I burnout even t ,  incl-i ding the  



t r a n s  l e n t  o s c i l l a t i o n  "Pogo" c o n d i t i o n  j u s t  p r i o r  t o  burnout ,  resu l - t s  
i n  t h e  most severe  upper veh ic le - spacec ra f t  loadings.  The S tage  11 
burnout event  was, i n  t h e i r  exper ience ,  a  l e s s  severe  loading  con- 
d i t i o n .  However, they have no e x i s t i n g  payloads of comparable s i z e  
and f l e x i b i l i t y .  Both the  c o n i c a l  r a d i a t o r  and the t r i f o r m  r a d i a t o r  
s p a c e c r a f t  w i l l  btt requi red  t o  su rv ive  the  Stage I burnout l o a d s ,  
However, i n  order  t o  permit  e a r l y  s e p a r a t i o n  of the  suppor t ing  t r u s s  
t h a t  i s  requi red  f o r  t h e  t r i f o r m  r a d i a t o r  s p a c e c r a f t ,  i t  w i l l  be 
r equ i red  t o  surv ive  the l e s s  severe  Stage I1 burnout loads wi thout  
a  s e p a r a t e  supporl-ing t r u s s .  This approach permits  t h e  t r u s s  t o  be 
j e t i soned  a t  the  time of  shroud s e p a r a t i o n ,  normally accompl.ished 
j u s t  p r i o r  t o  Stage I1 burnout ,  a t  280 seconds a f t e r  launch. The 
t r u s s  weight pena'tty, i n  terms of IMEO, i s  then p r o p o r t i o n a l  t o  t h a t  
of the shroud. I'lle quas i -s teady s t a t e  load environments a r e  t h e r e  fore  
def ined a s  : 

e Cylindric,31-conical veh ic le  (Stage I burnout) 3g l a t e r a l  
6g l o n g i t u d i n a l  

c Triform v2hic le  - unsupported 0.67g l a t e r a l  
(Stage I1 burnout)  4g l o n g i t u d i n a l  

- wi th  launch supyjort t r u s s  3g l a t e r a l  
(Stage 9: burnout) 6g l o n g i t u d i n a l  

When informed t h a t  the  s p a c e c r a f t  f i r s t  l z i t e ra l  mode would Re below 
t h e  des i red  6 cps ,  Martin Denver ind ica ted  t h a t  t h i s  may p r e s e n t  
some problems; bu t  t h e  launch v e h i c l e  cou:Ld be designed around them. 
This problem was a l s o  p r e s e n t  on the  MOL program, where the  T i t a n  IIIN 
was designed t o  accommodate 3 cps .  The p::incipal.. problem i s  Chat a  
low s p a c e c r a f t  natural .  frequency would coilp1.e t h e  s p a c e c r a f t  d i r e c t l y  
wi th  t h e  boos ter  during launch and a s c e n t ,  'Illis dynamic coupl ing  
manifes ts  i t s e l f  i n  two ways: f i r s t ,  i t  c r e a t e s  problems w i t h  the 
a u t o p i l o t  s t a b i l i t y ,  which would be most c r i t i c a l  during Stage  "0' 
f l i g h t ;  and second, a l though the g r a v i t y  loads given would n o t  be 
inc reased ,  the dynamic e f f e c t s  would be experienced more o f t e n  during 
f l i g h t  r a t h e r  than i n  the  normal case  where the maximum response i s  
seen a s  a t r a n s i e n t  a t  t h e  time of Stage I burnout ,  

2.2.1.2 Shroud Attachment - 
The use of a "sn~ibbing" technique t o  t ransmi t  5000 pound loads  
l a t e r a l l y  from the  payload s t r u c t u r e  t o  the  shroud i s  p o s s i b l e  for. 
a  60 by 10 f t  diameter shroud conf igura t ion .  This load would be 
taken 60 f e e t  from the i n t e r f a c e  a d a p t e r ,  and i s  dumped i n t o  t h e  
shroud t o  l i m i t  t h e  d e f l e c t i o n  of payload s t r u c t u r e .  A major 



cons ide ra t ion  i n  t h i s  approach i s  t h a t  the launch p r o b a b i l i t y  (IJTR) 
i s  reduced when based on t h e  worst  q u a r t e r  winds or  annual winds.  
The a i r l o a d  on t h e  shroud i s  the  major p o r t i o n  of t h e  load encountered ' 

during boos t  plzase. This a i r l o a d  can be a l t e r e d  by p laca rd ing ,  i n  
which c a r e f u l  43ssessment of the  envirorment,  e s p e c i a l l y  wind v e l o c i t y  
up t o  40,000 f 2 e t  i s  made, This approach l i m i t s  the  days i n  which 
launching can be achieved.  

2 .2.1.3 Wind 

Mart in  has  performed a wind p laca rd ing  s tudy f o r  90 and 105 f o o t  
payload fairimp, conf igu.ra t i o n s  , The b ~ , s i c  ground r u l e s  f o r  each 
conf igura t ion  dere a s  follows : 

90 f o o t  f t a n  I I I / C  

@ 850,000 pound u l t i m a t e  P E ~  t rar ts tage 

e 3500 pound payload 

0 Mach 1 . 4  

105 f o o t  

1,080,000 pound u l t i m a t e  PEQ adap te r  s k i r t  

e 3500 1 ound payload pl.us Agena 

@ Mach 1 . 4  

Resul t s  of Mart in  s tudy show t h a t  f o r  each c o n f i g u r a t i o n ,  t h e  pe r -  
c e n t  of maximunl design wind v e l o c i t y  t ' l a t  may be  flown i s  approxi -  

I mately 53 pert e n t .  Prom t h i s ,  t he  p r o ' ) a b i l i t y  of launch from 61TK 
i s  72 pe rcen t  f o r  t h e  worst  q u a r t e r  wi.nds or  87 percent  f o r  annual  
winds . 



2 . 2 . 2  - CONFZGURATTON SELECTION 

Two b a s i c  veh ic le  conf igura t ions  were inve:; t i g a t e d .  One v e h i c l e  
i s  a  t h r e e  s e c t i o n  c y l i n d e r - c o n i c a l  assembly, 990.6 inches long.  
D e t a i l s  of the  des ign  and t h e  loading diagram a r e  shown i n  F igure  i -1. 
The seoond vehicle  i s  a  t h r e e  s e c t i o n  t r i f ~ r m ,  1155 inches long ,  
D e t a i l s  of t h i s  conf igura t ion  and a  loadin:% diagram a r e  shown i n  
Figure 2 - 2 .  

Five load/boundary cond i t ions  were analyzed f o r  the  c y l i n d e r - c o n i c a l  
v e h i c l e .  The cond i t ions  a r e  summarized below and a r e  schemat ica l ly  
shown i n  Figure  2-3. The combined dynamic launch environment i s  3 g ' s  
l a t e r a l  superimposed on 6 g ' s  a x i a l .  

C 1  - Upright unsupported, p r o p e l l a n t  loading divided betxireen 
upper s e c t i o n ,  and base  

C2 - Upright wi th  two supports  t o  t h e  shroud, p r o p e l l a n t  
loading divided between upper s e c t i o n  and base  

C3 - Inver ted  w i t h  two suppor ts  t o  the  shroud, p r o p e l l a n t  
loading i n  base 

C4 - Invertet3 unsupported, p r o p e l l a n t  loading i n  base  

C5 - Upright w i t h  maximum al lowable r e a c t i o n  t o  shroud 
(5,000 pounds), p r o p e l l a n t  loading  divided betv~een 

uupper s e c t i o n  and base .  

Four load/boundary condi t ions  were a n a l y z ~ c i  us ing  the t r i f o r m  vehi$-. le.  
The cond i t ions  a r ?  s t a t e d  below and i l l .ust  r a t e d  i n  Figure 2 - 4 .  T h 3  
combined dynamic launch environment emplo) ed i s  0.67 g ' s  l a t e r a l  
superimposed on 4 g ' s  a x i a l .  This Load er.vironment occurs a f t e r  
second s t a g e  burnout.  An a u x i l i a r y  t r u s s  used t o  support  t h e  t r i f ~ r m  
w i l l  accom~nodate the  launch loads of 3 g ' s  l a t e r a l  and 6  g ' s  a x i a l .  
An a n a l y s i s  was a l s o  performed to  determine the  support  t r u s s  weight  
and payload e f f e c t s  . 

T l  - Upright  unsupported, r e a c t o r  loading  divided between 
upper s e c t i o n  and base 

T 2  - Upright wi th  two supports  t o  t h e  shroud, p r o p e l l a n t  
loading divided between upper s e c t i o n  and base 
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CASE C I  

STA. 0 
- A M A X  = 18.9 I' 

CASE C4 

STA. 0 
A M A X  = 190" 

1:ASE C 2  I CASE C5 

STA. 0 
P=  28,334# 

* P =  38,5668 

SF M A X  = 246,60C PS.4 

Sl 'A.  0 
P= 5,000# 

A M A X =  17.3 

Sl'A. 990.6 -̂ -. S F  M A X  =62,01)0 F5! 

STA. 0 

STA. 930.6 

I-IiTERAL LOAD 3 G 

A:CIAL LOAD 6 G 

Figure  2 - 3 .  ~oad/Boundary  CondZtions f o r  Cyl- indr ical-  
Conica l  Radia tor  Spacec ra f t  Design 



CASE T I  

STA. 0 .  

STA. 1: 55 
SF M A X  = 11,9;'0 Psi' 

CASE T 2  I CASE 74 

'SF M A X  = I  0,330 PSI 

STA. 0 
A h4 AX E 354" 

- SF M A X  =354,700 P!;! 
STA. 1155 

LATERAL  LOA?3 0.67 G 
AX IAL  LOAD .1.0 G 

Figure  2-4. ~ o a d / ~ o u n d a r y  Condi t ions  f o r  Tr i form 
Rad ia to r  S p a c e c r a f t  Design 



T3 - Inver'ted w i t h   GO supports  t o  the  shroud, p r o p e l l a n t  
loading i n  base 

T4 - Inver ted  unsupported,  w i t h  p r o p e l l a n t  loading  i n  base .  

The p r o p e l l a n t  and tank weights  sl~own or1 Figures  2-1 and 2 - 2  r e f l e c t  
an e a r l y  s e l e c t i o n  of 15 ,flO9 pounds of p r o p e l l a n t  p lus  an  assumed 
e i g h t  percent  tank f r a c t i o n  (because of  the  unusual s h i e l d  conf ig -  
u r a t i o n  of the tank, a  t runcated  cone s1:ructure) f o r  a t o t a l  weight 
of 16,240 pounds. Current  va lues  a r e  14,500 pounds of mercury pro-  
p e l l a n t ,  w i t h  a  probable four  percent  :illowance f o r  s t r u c t u r e ,  feed 

l i n e s ,  va lves ,  e t c ,  FIowever, t h i s  smal l  d i f f e r e n c e  does no t  e f f e c t  
t h e  r e s u l t s  of t h i s  s t r u c t u r a l  a n a l y s i s ,  

The da ta  of Figures  2-3 and 2-4 a l s o  p r f?sen t  maximum s t r e s s e s ,  
d e f l e c t i o n s  and loads imposed on the sh:oud, where a p p l i c a b l e ,  f o r  
the  var ious  cases  i n v e s t i g a t e d .  The de f i n i t i o n  of these  paramet e r s  
a r e  discussed below. 

STRUCTUFAL -- ANALYSIS SUMI?hRY 

The r e s u l t s  of the s t r u c t u r a l  a n a l y s i s  2re summarized on Tpble ;!-I 
f o r  the f i v e  ccmica 1 and f o u r  t r i f o r m  conf i g u r a t  ions inves t i g a  ttld. 
Maximum s  tresscis,  maximum der'lec t i o n s  , maximum a x i a l  loads (where 
app l i cab le )  , fundamental frequency and the  t o t a l  weight  of the  space- 
c r a f t  structure! requi red  a t  launch a r e  presented .  The weight 
numbers shown a r e  the t o t a l  s t r u c t u r e  rnquired t o  su rv ive  launch 
inc luding  those  s p a c e c r a f t  components such a s  r a d i a t o r  which have 
been assumed t o  s e r v e  a s  s t r u c t u r e .  The d e f i n i t i o n  of t h i s  e f f c c t i v 5  
s p a c e c r a f t  s t r t ~ c t u r e  is  presented  i n  Paragraph 2.2.4.  

The p r e f e r r e d  conf igura t ion  i s  the  c o n i c a l  r a d i a t o r  s p a c e c r a f t  
mounted i n  the upr igh t  c o n f i g u r a t i o n  on the  launch v e h i c l e ,  Cast! C l ,  
Figure 2-3. Xi: meets a l l  launch requirements w i t h  only minor modif i -  
c a t i o n s  t o  the  b a s e l i n e  s p a c e c r a f t  presented  on Figure  2-1. These 
a r e  the a d d i t i o n  o f  longerons t o  s t i f f e n  the  aluminurn r a d i a t o r  
s e c t i o n ,  some a d d i t i o n a l  tube w a l l  th ickness  i n  t h e  copper /s  t a i n l e s s  
s  t e e 1  r a d i a t o r  s e c t i o n ,  and c i r c u m f e r e n t i a l  r i n g s  throughout t o  p re -  
vent  compress i ' ~ e  buclcling i n s t a b i l i t y .  The ne t  weight  i n c r e a s e  f o r  
t h i s  addi t iona  l s t r u c t u r e  i s  1299 pounds, a s  def ined i n  Paragraph 
2 . 2 . 4 .  This c ~ n f i g u r a t i o n  i s  s e l e c t e d  because i t  provides the  
fo l lowing advantages : 

B Maximum s p a c e c r a f t  IMEO 

e Acceptable s t r e s s e s  and d e f l e c t i o n s  
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e No requi red  redes ign  of the  s tandard T i t an  III shroud 
t o  provide l a t e r a l  support  

e PotengCal t o  e l imina te  the s tandard shroud thereby pro-  
v id ing  an est imated 1000 pound i n c r e a s e  i n  IMEO.  

The upr igh t  c o n i c a l ,  supported by the  shroud (Case C2) i s  e l iminated  
because,  a l though no es t ima tes  were made, the weight- inc rease  
a s soc ia ted  wi th  redesigning the shroud i s  c e r t a i n  t o  be g r e a t e r  1:han 
the  i n t e g r a l  s t r u c t u r e  concept s e l e c t e d ,  reducing the  u s e f u l  IMEO. 
The inver t ed  c o n i c a l ,  supported by the  shroud i s  r e j e c t e d  f o r  the  
same reasons .  The shroud weight: penal t j ,  would be even g r e a t e r  than 
f o r  Case C 2  s i n c e  the inver t ed  launch or'iezztation does no t  e f f  i c  i e n t l y  
u t i l i z e  the  a v a i l a b l e  c o n i c a l  r a d i a t o r  2s s t r u c t u r e .  Case C4, the  
unsupported, inve r t ed  c o n i c a l  arrangemerkt a l s o  does not  e r ' f i - c i e n ~ l y  
u t i l i z e  the a v a i l a b l e  r a d i a t o r  as  s  t r u e  t u r e ,  and weight of a d d i t  ional  
s t r u c t u r e  necessary t o  provide acceptabl e s t r e s s e s  and d e f l e c t i o  1s 
would probably exceed the weight of the Cu/SS r a d i a t o r ,  about 2030 
pounds. The case  where one t i e  po in t  it: provided t o  the shroud might 
be acceptable  s i n c e  no shroud redes ign  is requj-red because the  a x i a l  
load has been limitecl t o  5000 p s i ,  the  r~axiinurn load t h a t  can be 
reac ted  t o  the shroud witlzout major redctsign. A sp r ing  system would 
be needed t o  l i m i t  tlze i n p u t  loads to  t:lle SO00 pound l e v e l .  Addit ion 
t o  t h i s  support  has the e f f e c t  of decreasing the  o v e r a l l  d e f l e c t i o n  
by 1.6 inches and the  maximum s t r e s s  by 5170 p s i  whi le  inc reas ing  
the  frequency by 0.19 cps .  These changes from the  unsupported Case C l  
cond i t ion  a r e  too small  t o  warrant  t h e  :idditionaL weight and complex- 
i t y  of the r eqc i red  sp r ing  system. 

Configurat ion 7'1 (Fi.gure 2-4) i s  t h e  most a t t r a c t i v e  of the  t r i f o r m  
r a d i a t o r  confipura t ions  . The t r i forrn c )nff_p;urations requi red  an 
a u x i l i a r y  t rusz  system t o  prevent  t h e  i i lherent  compressive buckl ing 
i n s t a b i l i t y  of the  s e c t i o n .  During S  t-.aj;e 1 launch en\~iromment, the 
a u x i l i a r y  t r u s s  would r e q u i r e  a  g r e a t  n7xmber of attachments t o  the 
t r i f o r m  s t r u c t u r e  i n  o rde r  t o  prevent  bxckling . Releasing these  
a t t ac lmen t s  car1 cause design problems dllring s e p a r a t i o n .  The es  t i -  
mated minimum weight i n c r e a s e  a s soc ia ted  wi th  the  mul t ip le  attachment 
suppor t ing  t r u s s  i s  4928  pounds. 

A s  discussed i n  Paragra-ph 2 . 1 . 1 ,  the suspor t ing  t r u s s  i s  assumed t o  
be j e t i s o n e d ,  cilong wi th  the  shroud during the T i t an  IZIC/? Stage I1 
burn (280 secorlds a f t e r  launch) .  The b a s i c  t r i f o r m  r a d i a t o r  
s t r u c t u r e  i s  designed t o  surv ive  Stage 2 burnout loads (0.67 g  
l a t e r a l  and 4 j; a x i a l )  and t h e r e f o r e  the  lower, subsequent t r a n s t a g e  
loads .  The TM1<0 penal ty  a s soc ia ted  wi th  t h e  4928 pound t r u s s  i s  
the re fo re  only about 1250 pounds. This ,  coupled wi th  a d d i t i o n a l  



s t i f f e n i n g  of t h e  aluminum and Cu/SS r a d i z z o r  s e c t i o n  of t h e  t r i f o r n  
r e s u l t s  i n  a  minimum n e t  s t r u c t u r a l w e i g h c  pena l ty  of about  2580 
pounds, i d e a l l y  abcut  twice the ne t  strucr.:ral weight pena l ty  f o r  the  
c o n i c a l  s t r u c t u r e  . However, many s t r u c  t u - i l  at tachments between thc? 
t r u s s  and the trifc,rrn r a d i a t o r  s t r u c t u r e  ~ 1 . e  requi red  t o  p reven t  
buckl ing f a i l u r e  p r i o r  t o  t r u s s  (and s h r o ~ i )  s e p a r a t i o n .  Although 
no t  a s sessed ,  t h e  weight penal ty  a s s o c i a t e  2 wi th  s t i f f e n i n g  t h e  bas:ic 
t r i f o r m  r a d i a t o r  s t r u c t u r e ,  i n  order  t o  mL::imLze the  number of 
t r u s s - t o - r a d i a t o r  a t tachment  p o i n t s ,  r e p r s s  e n t s  a  permanent weight  
inc rease ,  a reducti.on i n  the IMEO which m-:r t be c a r r i e d  throughout 
the  J u p i t e r  o r b i t e r  mission.  The primary yeasons f o r  r e j e c t i n g  the  
t r i f o r m  r a d i a t o r  con£ i g u r a t i o n  a r e :  

Lower IMEO, and/or 

o Complex t r u s s  attachment and seps  :a t i o n  

e No p o t e n t i a l  t o  e l imina te  the  s tz r -dard  T i t an  I11 shroud.  

As i n  the case of .the c o n i c a l  c o n f i g u r a t i  ::r, i nve r s ion  of t h e  t r i f c r m  
conf igura t ions  r e s u l t e d  h igher  s t r e s s e s ,  ?--<gher shroud r e a c t i o n s  and 
lower fundamental Irequencies than the  co::-esponding u p r i g h t  con- 
d i t i o n s .  I n  a d d i t  Lon, a  l a r g e r  adap te r  sz=:.achment between t h e  
s p a c e c r a f t  and t h e  launch veh ic le  would b r  r equ i red .  For t h e s e  
reasons the  invert13d cond i t ions  a r e  cons LL :xed  undes i rab le .  

The a d d i t i o n  of shroud supports  t o  the uns:lpported s p a c e c r a f t  reduced 
the  d e f l e c t i o n s  cons iderably ,  b u t  tended produce f a i r i n g  loads  
which could not  be accepted without  a  ma j 1 . r  r edes ign  of t h e  shroud.  
Hence, t h e  unsupported (by the  shroud) o r  :he s i n g l e ,  l i m i t e d  capa-. 
b i l i t y ,  f a i r i n g  t i 2  f o r  the  upr ight  conf i - , . z ra t ion  i s  the  most d e s i i * a b l e  
cond i t ion  f o r  both t h e  c o n i c a l  and t r i f c r z  c o n f i g u r a t i o n s .  

Although s e v e r a l  of the c o n E i g u r a t i o n / b o ~ ~ . ~ . 3 a r y  cond i t ion  cases  
inves t iga ted  meet t h e  thermal s t r u c t u r a l  z l d  envelope requirements  :, 
none meet the  c u r r e n t  T i t a n  launch v e h i c l s  a u t o p i l o t  minimum f r e -  
quency requirement of t h r e e  Her tz .  To m e f t  t h i s  frequency r e q u i r e -  
ment, t h e  s p a c e c r a f t  s t i f f n e s s  would have t.0 be increased  by a  
f a c t o r  of 6 . 6  or  the  shroud by a  f a c t o r  (15 eleven w i t h  p r o v i s i o n s  
f o r  one support  i n t o  the e x i s t i n g  s p a c e c r  E t .  Probably the simple:; t ,  
and c e r t a i n l y  the  minirnum weight approac'; is t o  modify the a u t o p i l o t  
t o  accept  payload f requencies  i n  t h e  raP2-r of one c p s .  



2.2.4 STRUCTURE DEFINITION 

The p o r t i o n  of the  b a s e l i n e  t h e r r i o n i c  s p a c e c r a f t  designs wh-ich can 
be  r e a d i l y  u t i , l i z e d  a s  structure a r e  t h e  r a d i a t o r s ,  the  aluminum 
pass ive  power condi t ioning  r a d i z r o r  and the  ac t i v e ,  copper-s t a i r l l e s s  
s t e e l  tube and f i n  primary r a d i z z o r s .  The weight and geometry of 
t h e s e  components i s  summarized c:l Figures  2-5 and 2-6 f o r  t h e  c o n i c a l  
and t r i f o r m  r a d i a t o r  s p a c e c r a f t  , r e s p e c t i v e l y ,  under the fol1ow:Lng 
assumptions : 

o The s p a c e c r a f t  i s  a t  a r 5 i e n t  temperature when launched 

a, The aluminum rad-iator s z r u c t u r  i s  c h a r a c t e r i z e d  by 
the  2C24-T3 a l l o y  whicr-. has an  u l t i m a t e  t e n s i l e  s t r e n g z h  
of 65,000 p s i ,  and a  cc11~ressi~7e y i e l d  s t r e n g t h  of 
40,OOC p s i  

o The s t a i n l e s s  s t e e l  rst  Lator s t r u c t u r e  i s  c h a r a c t e r i z e d  
by the 301 a l l o y ,  h a l f - k a r d ,  which has an  u l t i m a t e  
t e n s i l e  s t r e n g t h  of 15: ,000 p s i ,  and a  compressive y i e l d  
s t r e n g t h  of 58,000 p s i  

The cc~pper s t r u c t u r e  ir. t h e  Cu/SS r a d i a t o r  i s  expresse3  
a s  an equ iva len t  thick:.zss of s t a i n l e s s  s  t e e 1  f o r  
s t r e s s .  a n a l y s i s  p u r p o s r s .  

Although the  m;in r a d i a t o r  terrr l - ja tes  a t  the  s t a r t  of the  payload 
equipment bay, a t  l e a s t  an  equi- ;z lent  s t r u c t u r e  w i l l  be r equ i red  t o  
t ransmi t  t h e  accumulated loads from t h i s  p o i n t  t o  t h e  launch v e n i c l e  
(upr igh t  launch) or  the  launch .:shicle shroud ( i n v e r t e d  l aunch) .  
Therefore,  the  c r o s s  s e c t i o n a l  r l . a rac t : e r i s t i c s ,  and the a s s o c i a t e d  
weight per  unit: l eng th  of t h e  rrr Ln radi .a tor  a r e  assumed t o  extend 
a f t  through bof:h the  payload br:;- and the  ion  engine t h r u s t e r  bay, 
loca ted  immedi:ttely behind (Fig.:res 2 - 1  and 2 - 2 ) .  The weight  of  the  
payload and specj-a1 t h r u s t e r  pc:;zr cond i t ion ing  r a d i a t o r s  which 
remain t o  be p1:ecisely def ined 13 assurred t o  be included i n  the  
s t r u c t u r a l  weight of these  two ~ T a c e c r a f t  bays.  

A pre l iminary  assessment of the ' ~ a s e l i n e  s t r u c t u r e  ind ica ted  t h a t  i t  
would requ i re  some s t i f f e n i n g  ~ : - 5 / o r  a d d i t i o n a l  suppor t  s t r u c t u r e .  
This requiremeilt would be most s v e r e  f o r  t h e  t r i f o r m ,  and l e s s  f o r  
t h e  cy l indr i ca ' l  c o n i c a l  radiate:, Therefore,  t h e  f o l l o ~ ~ ~ i n g  changes 
were made i n  the  b a s e l i n e  strucr- re p r i o r  t o  i n i t i a t i o n  of d e t a i l e d  
analyses  : 



S z r u c  t u r e  

A u x i l i a r y  Rad ia to r  

pr imary Radia to r  

.ght  P e n a l t y  IMEO = 4944 - 3490 

ALUMINUM RAT) IATBR CC)PaER/SS RADIATOR 
(180 TUBES - NOMINAL-) 

S T R U C T U R E  GEOMETRY 

(a) P r e f e r r e d  (mi~iirnum weight)  c o n f i g u r a t i o n ;  u ~ t - i g h t  c o n i c a l  

(b) Except f o r  1oc:al r a d i a t o r s ,  concen t ra ted  l o a d s  o f  payload and t k . x s t e r  
subsystem components assumed a s  no s t r u c t u r a l  v a l u e .  

(c)  C i r c u m f e r e n t i a l  r i n g s .  

(d) C i r c u m f e r e n t i a l  r i n g s  (300 I b s ) ,  l e s s  282 1 E s  weight  r e d u c t i o n  f r ~ m  
t a p e r e d  bumpel- on r a d i a t o r  tubes .  

(e)  Inc ludes  e s t i r i a t e d  155 l b s  r e q u i r e d  f o r  r a d i a t o r s  i n  payload ZKC 

t h r u s t e r  subs:~stem bay. 

, onic Figure 2-5 .  S t r u c t u r a l  Sys tern Weight Summary, The-' 
Spacecraf t  Cylindrical-Con<-cal Radiator  



St ruc tu re  Addi t iona l  S t r u c t u r e  
S t r u c t u r e  

Auxil iary Radfator 

Primary Radiator 

Launch Support 

" DIA. P 

STWUCTU RE GEOMETRY 

(a) Best (min-ijnm weight) t r i fo rm configurat : ion;  up r igh t  and unsupported. 

(b) Except f o r  l o c a l  r a d i a t o r s ,  concentrated loads of payload and t h r u s t e r  subsystem 
components assumed as no s t r u c t u r a l  value.  

(c )  Required a d d i t i o n a l  s t r u c t u r e  t o  survive T i t a n  I I L C / 7  s t age  2 burnout Xoads. 

(d) Required t:, survive i n i t i a l  launch loads ;  j e t t i s o n e d  wi th  shroud j u s t  ~ t r i o r  
t o  s tage  2 burnout,  DfEO pena l ty  i s  1250 l b s .  

( e )  Includes est imated 155 l b s  required f o r  cadia tors  i n  payload and t h r u s t e r  
subsys tern bays, 

Figu:re 2 - 6 ,  S t r u c t u r a l  Sys tem Weight Surnmary , 
Thermionic Spacec ra f t  Tri.form Rad ia to r  



a .  Ninety alu~ninum "hat  shaped" 0.04 square  i n c h  ( e f f e c t i v e )  
longerons were added t o  the  aluminum power cond i t ion ing  
r a d i a t o r  i n  the  c o n i c a l  configurat: ion,  i , e . ,  one-half  of 
the  number of tubes i n  the  c o p p e r - - s t a i n l e s s  s t e e l  rad ia tor . ,  

b .  The a rea  snd t h e r e f o r e  moment of I -ner t ia  of the  copper- 
s t a i n l e s s  s t ee l .  r a d i a t o r  was increased  by the  a d d i t i o n  of 
0 . 1  inch  of s t a i n l e s s  s  t e e 1  t o  the  armor of each of t h e  
180 tubes .  Although tI1is addi t ior ra l  s t r u c t u r e  could be 
placed elsewhere,  t h e  s e l e c t e d  l o c a t i o n  provides 
a d d i t i o n a l ,  a l though unnecessary,  meteoroid p r o t e c t i o n .  

c .  The thiclzness of the  s t a i n l e s s  s t e e l  tubes i n  the  t r i f o r m  
r a d i a t o r  was s i m i l a r l y  inc reased .  

The e f f e c t  of these  changes on the  s p a c e c r a f t  s t r u c t u r a l  weight a r e  
a l s o  shown on F i g r ~ r e s  2-5  and 2-6, The r e ! ; u l t s  of t h e  ana.lyses per.- 
formed support  these  pre l iminary  weight ad-justments i n  t h a t  s t i l l  
a d d i t i o n a l  s t r u c t u r e  i s  requi red  t o  survive? launch,  p r i m a r i l y  i n  t l - 1 -  

form of s t i f f e n i n g  r i n g s  t o  reduce t h e  buclcling loads on the  conic^:: 
r a d i a t o r  and, i n  the  form of s e p a r a t e  t r u s s  work f o r  the  t r i f o r m  
r a d i a t o r .  These a d d i t i o n a l  weights a r e  a l s o  i l l u s t r a t e d  on 
Figures  2-5 and 2-6.  The d e t a i l s  of t h i s  t ~ m a l y s e s ,  presented  b e l m . ,  
a l s o  i n d i c a t e  t h a t  about  one h a l f  of the  0 . 1  inch  added t o  the  bumn~,sr 
th ickness  on the c o n i c a l  r a d i a t o r  can be removed, s o  long a s  t h i s  L s  
accomplished by t ape r ing  t h i s  thickness  from 0 . 1  inch  a t  the base  (15 
the  s p a c e c r a f t ,  t c  zero  a t  the  top of the  Cu/SS r a d i a t o r .  This 
e f f e c t  i s  includec i n  the  t o t a l  s p a c e c r a f t  s t r u c t u r a l  weight a t  1a.u.-!r.h 
presented  on Figuxes 2-5 and 2-6. 

2 .2 .5  STRUCTURh'f, ANALYSIS 

Two computer programs were w r i t t e n  t o  determine t h e  phys ica l  propez- 
t i e s  of the  cy l inder -con ica l  and the t r i f o r m  s p a c e c r a f t  conf igura t - l :  2 s .  
The phys ica l  shapes and member s i z e s  used i n  computation were a s  pez 
t h e  thermionic designs shown i n  Figures  2-5  and 2-6. 

Program "Cone" determined t h e  p r o p e r t i e s  of the  cy l inder -con ica l  
conf i g u r a t i o n  inc:.uding the a r e a ,  i n e r t i a ,  t o r s i o n a l  and shear  con - 
s t a n t s .  An i n t e g r a t i o n  method was used t o  determine the  varying 
p r o p e r t i e s  along s p e c i f i e d  veh ic le  s t a t i o n s .  The second program 
"Triform" determirred s i m i l a r  p r o p e r t i e s  f o r  the  t r i f o r m  configurat:.. r n .  



Due t o  the number of cond i t ions  t o  be ar;zlyzed, conlbined w i t h  the  
complexity of the loads and redundant br:c.3dary r e s t r a i n t s  , t he  - 
a n a l y s i s  was completed us ing  the  General. ~ l e c t r i c  'PIIISS" computer p ro -  
gram. Both s p a c e c r a f t s  were modeled f o r  the  program us ing  27 nodal 
p o i n t s ,  each wi th  s i x  degrees of f reedox.  The p h y s i c a l  p r o p e r t i e s ,  
a s  determined by the "Cone" and "Triforrl" computer, were used a t  t h e  
r<espect ive  nodal p o i n t s .  

The concentrated and d i s t r i b u t e d  loads s"3wn i n  Figures  2-1 and 2-2 
were app l i ed  t o  t h e  s p a c e c r a f t  models. Ai- q u a s i - s t a t i c  s t eady  s t a t e  
load magnifj-cation of 3  g ' s  l a t e r a l  suptirimposed on 6  g ' s  a x i a l  
were used f o r  the cy l inder -con ica l  mode:. z n a l y s i s .  Load magnifi-  
c a t i o n  f a c t o r s  of 0.67 g ' s  l a t e r a l  and L g i s  a x i a l  were used for  t h e  
t r i f o r m  model- a n a l y s i s ,  The loads used fc.r  the  t r i f o r m  model- a r e  
equiva lent  t o  the  second s t a g e  burnout ti:_-sironn~ent. The t r i f o r n !  i s  
b a s i c a l l y  uns tab le  r e l a t i v e  t o  compress-.-,-s buckl ing ,  and the  an2 lys  i s  
assumed a n  a u x i l i a r y  support  t r u s s  woultl Se used t o  accommodate the  
launch load environment p r i o r  t o  Stage :1 ':)urnout, Since t h e  l o ~ d s  
d i s t r i b u t i o n  i s  p r o p o r t i o n a l  t o  t h e  magrLf i c a t i o n  f a c t o r ,  t h e i r  
magnitude can be modified f o r  o t h e r  loatl n v i r o n m e n t s  , i f  requi r  ed . 
Nine load/boundary cond i t ions ,  a s  shown L n  Figures  2-3 and 2-4, were 
analyzed.  Se lec ted  r e s u l t s  i n  terms of s r r e s s e s ,  displacements ,  l a d s  
and phys ica l  p r o p e r t i e s  were p l o t t e d  ve;x-.ls s t a t i o n  number and c r e  
included i n  Appendix A .  

A compressive buckl ing a n a l y s i s  was per..'zrmed t o  determine t h e  c t a -  
b i l i t y  of the p r e f e r r e d  cylinder-conics.- 2nd t r i f o r m  c o n f i g u r a t i o n s ,  
Cases C 1  and T I .  The cy l inder -con ica l  +:::-.figuration was found t o  be 
s t a b l e ,  r equ i r ing  only s t i f f e n i n g  r i n g s  z.3out t h e  circumference a t  
average i n t e r v a l s  of 24 inches .  The t r  -farm c o n f i g u r a t i o n  was f'ound 
t o  be c r i t i c a l  i n  buckl ing.  Considerab :r s t i f f e n i n g  i n  the  forni of 
a t t ached  members t o  reduce the  panel  wic:r?!s o r  an a u x i l i a r y  t r u s s  i s  
r e q u i r e d ,  l'he a n a l y s i s  performed on t h ~ 1 2  s e c t i o n s  i s  presented  
below, 

2 .2 .5 .2 .1  - Lnst :l - 
The conf igura t ion  of cone and longerons :n ques t ion  w i l l  remain 
s t a b l e  up t o  a  c e r t a i n  l eng th  a f t e r  whit:?. c i r c u l a r  frames o r  suppor t -  
ing  r i n g s  must be used t o  maintain s t a b t l L t y .  The maximum axia l .  load 
p e r  longeron i s  11,754 pounds; the e f f e c z l v e  a r e a  of longeron wj.th 
s k i n  i.s 0.252 square inches and the  ine:::ia of longeron w i t h  s k i n  
i s  0.0043 inches.  Therefore,  the maxim.:: a x i a l  s t r e s s  per  longctron 
i s  46,642 p s i ,  



The column equat ion  (Reference 2 )  used t o  f i n d  t h e  requi red  spacing of 
c i r c u l a r  frames i s :  

I 

c r 2 ,  E -- FC = 
( ~ 1 ~ 1 2  

which y i e l d s  a requi red  spacing of 15 inches ,  assuming an  end r e s t r a i n t  
f a c t o r  of 2 .0  f o r  C .  Hence, suppor t ing  r ings  a r e  r equ i red .  

The moment and E I  versus s t a t i o n  curves presented i n  Appendix A show 
t h a t  t h e  moment v a r i e s  more r a p i d l y  than the  i n e r t i a  thus al lowing 
an  inc rease  i n  frame spacing,  and a  t ape r ing  of the  tube w a l l  t h i c k -  
ness  a long the  l eng th  of t h e  r a d i a t o r .  An average spacing of 24 
inches w i l l  be used and, t h e r e f o r e ,  30 frarles w i l l  be requi red .  

The frame s i z e  is  calcul.ated us ing  the fol:!owing frame s t i f f n e s s  
equat ion  (Reference 2) : 

The required frame i n e r t i a  a t  t h e  base of Che s p a c e c r a f t  i s  found t o  
be 0.071 inch4. ? h i s  i n e r t i a  requirement i s  met by a tube frame 
1 . 5  inch  square w i t h  a 0.049 inch  w a l l .  Tlle requi red  frame s i z e  a t  
the top of t h e  s p ~ c e c r a f t  i s  a  0.625 inch  square tube frame wi th  a 
0.028 inch  w a l l ,  which meets an i n e r t i a  requirement of 0.004 inch4. 
Therefore,  t h e  average frame a r e a  requi red  i s  0.165 square inches,  
and t h e  addi t ional .  weight pe r  frame i s  15 uounds, The t o t a l  weight. 
f o r  the t h i r t y  frzrnes requi red  i s  450 poun.1~. Because smal l e r ,  
wider spaced frames may be used i n  the  aluninum s e c t i o n ,  i t  i s  
es t imated t h a t  thi! weight a l l o c a t i o n  w i l l  ' >e  150 pounds i n  the  a l u n ~ i -  
num r a d i a t o r  and :i00 pounds i n  the  Cu/SS r a d i a t o r .  

2 .2 .5.2.2 Bucklir 
l r a t i o n  - As previous ly  noted,  the  t r i f o r m  s t r u c t u r e  

i s  requi red  t o  be se l f - suppor t ing  a t ,  and a f t e r ,  Stage 2 burnout ,  
where t h e  worst  loading cond i t ions  a r e  0.67 g l a t e r a l  and 4 g a x i a l .  
P r i o r  t o  t h i s  cond i t ion ,  the  3 g l a t e r a l  and 6 g a x i a l  loads a r e  
taken up by  a  s e p a r a t e  t r u s s  (See Paragraph 2 .2 .5 .3 ) ,  which i s  jet!-- 
soned along wi th  :he shroud j u s t  p r i o r  t o  Stage 2 burnout.  The 
fol lowing analys i : ;  i s  d i r e c t e d  toward the  s t r u c t u r a l  requirements 
necessary f o r  the t r i f o r m  configurat i -on t o  su rv ive  the  Stage 2 burrrout 
loads .  



a .  Aluminum Sec t ion  - The maximum column loading a t  t h e  base 
of t h i s  s z  i s  a  moment o f  7.732 x  106 inch-pounds and a  load of 
9.162 x  l o 4  pounds. Combining the  moment and a x i a l  load t o  f i n d  the  

I 

t o t a l  column 1,oad on one f l ange  (one t h i r d )  of the  t r i f o r m :  

5 P a x i a l  = 1.9158 x  10 pounds 

where the  f a c t o r  48 i s  the  d i s t a n c e  i n  inches from the  c e n t e r  t o  the  
o u t e r  edge of  one f lange  of t h e  t r i fo rm.  The a x i a l  s t r e s s ,  based on 
the  l o c a l  a rea . ,  i s  t h e r e f o r e  31,930 p s i .  

Now, one flangc? of the 0.15 inch  t h i c k  aluminum s e c t i o n  t r i f o r m  has  
a  b / t  o f  300 (48/0.15),  f o r  which the buckl ing s t r e s s  i s  much lower 
than t h e  a x i a l  s t r e s s  of 31,930 p s i .  Therefore,  the  f l anges  of t h e  
t r i f o r m  w i l l  have t o  be s t i f f e n e d  t o  prevent  them from buckl ing .  

For a n  e f f i c i e n t  s e c t i o n  (Reference 2 ) ,  r e f e r r i n g  t o  F igure  2-7, 
values of bw/bs equal  t o  0 .3  and tw/ t s  equal  t o  2.0 a r e  r equ i red .  
Assuming a  worlcing s t r e s s  of rc a t  25,000 p s i ,  and us ing  the 
equat ion  (Refe.:ence 2) 

w i t h  a I<s value of 4 .0 ,  corresponding t o  the  s e l e c t e d  va lues  of 
bw/bs and t w / t t ; ,  nine s t i f f e n e r s  of 1, i by 0.16 inches a r e  requi red  
f o r  each alumj-mm panel .  This inc reases  the  total .  pane l  a r e a  by 
38 pe rcen t  and reduces t h e  a x i a l  s t r e s t  t o  22,875 p s i .  This con- 
pares  favorably  wi th  t h e  assumed s t r e s c  of 25,000 p s i  and t h e  
s t i f f e n e d ,  aluninum r a d i a t o r  s e c t i o n  wj 11 be s t a b l e .  

b .  Sec t ion  - Following t h e  same procedure,  a t  t h e  nominal 
f i v e  f o o t  wide base of the  a c t i v e  radiz . tor ,  f o r  t h e  geometry of 

6 Figure  2-6, a moment of 15.82 x 10 inch-pounds, and a  load of 
1 .48  x 105 pounds, the a x i a l  s t r e s s  i s  found t o  be 41,000 p s i .  The 
a l lowable  s t r e s s  f o r  the  e x i s t i n g  s t ruc : ture  (I<s of 5 (Reference 2) ) 
i s  found t o  be 86,862 p s i .  



Figure  2-7. S t i f f e n e d  Panel  Geometry 

Since the  compression y i e l d  f o r  301 SS - h421f hard i s  only 58,000 
p s i ,  i t  becomes the  a l lowable .  However, tile a c t u a l  s t r e s s  of 41,OC!O 
p s i  i s  lower than the  conilpressive y i e l d  s t r e s s ,  a ]  d t h e r e f o r e ,  the 
s t e e l  s e c t i o n  i s  s t a b l e  without  reinforcemznt ,  

Under t h e  reduced load condi t ions  of 0 . 6 7  ,: l a t e r a l  and 4 g a x i a l ,  
t he  weights of the t r i f o r m ,  Case I ,  a f t e r  second s t a g e  burnout a r e :  

e Weight of '  copper/s ta inl .ess  s tee l .  s e c t i o n  - 2749 pounds 

e Weight of' aluminum s e c t i o n  - 900 .pounds 

Q Weight of aluminum s e c t i o n ,  w i t h  reinforcement - 1236 pourtds . 
Hence, a f t e r  j e t i s o n i n g  the  support ing t r u s s  requi red  a t  launch t o  
reduce the  load l e v e l s ,  the  t r i f o r m  s t r u c t ~ r e  w i l l  weigh 3985 
pounds . 
2.2 .5 .3  Launch Sc 

The t r u s s  requi red  t o  withstand t h e  more severe  Stage 1 burnout 
launch loads w i l l  now be examined. These zondi t ions  a r e  3 g l a t e r a l  
and 6 g a x i a l .  

a ,  Aluminum ---- Sec t ion  - Rat io ing  t h e  moment and a x i a l  loads  a t  
the base of the al.uminum sectiolz u t o  the increased  launch loads, F: the  moment increas ,es  t o  34.62 x 10 inch-pounds and the load inc reases  
t o  13.74 x 104 pounds. The load on one f l ange  of t h e  t r i f o r m  



becomes 7.67 x 105 pounds. The maximum Fcy f o r  t h e  r e i n f o r c e d  
aluminum t r i f o r m  i s  25,000 p s i .  Therefore,  the  h a d  which can  be 
c a r r i e d  by the  r e in fo rced  a r e a  i s :  

FAL = 25,000 (8 .375)  = 209,375 pourlds 

Hence, t h e  load which must be  c a r r i e d  by the t r u s s  i s  : 

Ftruss = Fax ia l  - FAL = 557,625 pounds 

Now, assuming the t r u s s  t o  be made of 17-7 PH s t a i n l e s s  s t e e l ,  1/2 
h a r d ,  w i t h  an  a l lowable  Fcy of 147,000 p s i ,  t h e  t r u s s  a r e a  requi red  
i s  3 .8  square  inches .  

b .  -- S t e e l  --- Sect ion  - Proceeding i n  the same manner, t h e  are:! 
ilzcrease a t  t h ~  base of the  s p a c e c r a f t  i s  found t o  be 5 , 2  square  
inches .  

The t o t a l  weight of t h e  t r u s s  required f o r  t h e  t r i fo r rn ,  
under launch load cond i t ions ,  i s  computsd a t  4928 pounds. This  
r e p r e s e n t s  a 1ni.nimu.m weight ,  which r e q u i r e s  many t russ- to- t r i fo: :m 
attachment poiri ts  along the  l e n g t h  of t h e  s p a c e c r a f t  ( a t  l e a s t  every 
two f e e t ) ,  We-;.ght requi red  f o r  connect~ion of  the t r u s s  work t o  the 
s p a c e c r a f t  has not  been c a l c u l a t e d ,  but  i t  could be a s  much a s  .LO t o  
15 pe rcen t  of 1:he t r u s s  weight ,  

The two base l i i ie  thermionic s p a c e c r a f t  zonfigura t ions  ( c o n i c a l  , ~ n d  
t r i f o r m )  discu::sed i n  the  f i r s t  s e c t i o n  of t h i s  r e p o r t  were analyzed.  
The n ine  cases  discussed t h e r e  and t h r e c  a d d i t i o n a l  c a s e s  a r e  
analyzed and r e s u l t s  t abu la ted  h e r e i n .  

A b a s i c  minimun v i b r a t i o n a l  c h a r a c t e r i s t i c  of 3 cps on frequency i s  
d e s i r a b l e  t o  i n s u r e  a g a i n s t  i n t e r a c t i o n s  between the  c u r r e n t  launch 
v e h i c l e  contro:L system ( e . g . ,  T i t an  IIIM) and the  s p a c e c r a f t .  

The s t r u c t u r a l  dynamic a n a l y s i s  was c a r r i e d  out by applying n~ethods 
of l i n e a r  a l g e l ~ r a ,  along w i t h  the  dynamical equat ions of motion, t o  
lumped-paramett2r-models of t h e  two b a s i c  t h e m i o n i c  s p a c e c r a f t  :on- 
f i g u r a t i o n s  . 'Sach conf igura t ion  corresponds t o  varying boundary 
cond i t ions  a s  :;how11 j-n Figures  2-3 and 2 - 4 .  



Both the  c o n i c a l  a rd  the t r i f o r m  conf igura t ions  use the  same b a s i c  
lumped mass mod,el. F igure  2-8 shows t h e  b a s i c  dynamic model used. 
The c a n t i l e v e r e d  sq-stem i s  shown f ixed  f r e e  w i t h  none, 1 and 2 t i e s  
i n t o  the  shroud. The mass t o  be lumped a t  the var ious mass p o i n t s  
c o n s i s t s  of var ious concent ra ted  loads such as  p r o p e l l a n t ,  r e a c t o r ,  
t h r u s t e r s ,  and var ious  d i s t r i b u t e d  loads such a s  s t r u c t u r e  and 
r a d i a t o r s .  The mass was lumped a s  shown i n  Table 2-2. Poin t  ze ro  
i s  taken as  the  base of the  s t r u c t u r e .  I n  t h i s  conf igura t ion ,  9150 
pounds of propel lar l t  and tank were loca ted  a t  the  apex near  the  
r e a c t o r  t o  provide addi t ional .  s h i e l d i n g  f o r  t h e  r e a c t o r .  The remain- 
ing  7090 pounds of mercury and tank was loca ted  a t  the  base .  I n  the  
inver ted  launch pot : i t ion ,  wi th  t h e  r e a c t o r  (and apex) loca ted  a t  thc? 
i n t e r f a c e ,  the  9150 pounds of p r o p e l l a n t  and tank was a l s o  moved t o  
the  apex t o  inc rease  t h e  n a t u r a l  frequency, and reduce the  load .  

Figures  2-9 and 2--10 show the  a r e a  and i n e r t i a  d i s t r i b u t i o n s  used i n  
determining tk s p a c e c r a f t  s t i f f n e s s .  The m a t e r i a l  used i n  the  
s t r u c t u r e  i s  stain '!-ess s t e e l ,  copper,  and alurni-num. Length between 
mass po in t s  was 100 inches and 115 inches f o r  the  comical and trifo::m 
conf igura t ions ,  re : ;pect ively.  
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Figure 2-8 .  Thermionic Powered Spacecraf t  
Dynamic Mode 1s 



TABLE 2 - 2 .  MASS DATA FOR LUT!PED MASS MODEL - 

Upright Conical Corif iguration 
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Figure  2-0. Conical  Configurat ion Dynamic Proper t i e s  
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Figure 2 - 10. T r i f  orm Configuration Dynamic Proper t i e s  



The two conf igura t ions  were examined i n  the  upr igh t  and inver ted  
p o s i t i o n s  f o r  cases  of ze ro ,  1 and 2 t i e s  i n t o  the shroud, The f r e -  
quencies of v i b r a t i o n  a s  w e l l  a s  the mode shapes of these  cases  d e r e  
obta ined .  Frequency r e s u l t s  a r e  presenzed i n  Table 2-3 f o r  the 
lowest th ree  modes. The t r i f  orm conf i g i ~ r a t i o n  i s  immediately seen t o  
b e  very bad dynamically i n  view of the  c u r r e n t  3 cps requi~~ernent  f o r  
prevent ion  of i n t e r a c t i o n  w i t h  t h e  launch veh ic le  control.  system. 
The c o n i c a l  conf igura t ion  i s  a l s o  poor ,  bu t  b e t t e r  than t h e  t r i f o r m  
conf igura t ion .  For both  c o n f i g u r a t i o n s ,  the  upr igh t  p o s i t i o n  i s  f a r  
b e t t e r  than the i n v e r t e d .  Mode shapes corresponding t o  the  lowest 
n a t u r a l  f requercy of each of t h e  12 cases  a r e  shown i n  Figure 2 - 1 1  
through 2-14. These f i g u r e s  show the  e f f e c t  of t h e  t i e s  t o  the  
shroud. While two t i e s  a r e  no t  a p p r e c i j b l y  b e t t e r  than one t i e  from 
a  frequency viewpoint,  i t  does ~ i g n i f i c ~ m t l y  reduce displacements.  

As a  check on the  v a l i d i t y  of the  model used i n  the a n a l y s i s ,  a 
s i n g l e  degree of freedom frequency c o m p ~ t a t i o n  was made on the  up- 
r i g h t  c o n i c a l  c:onfiguration w i t h  no slzr3ud ties. This computa t l o n  
y ie lded  1.27 Hz, whtch compares w i t h  1 ,17  Hz obtained from the  10  
po in t  30 degree of freedom model. Thus, a  h igh  l e v e l  of confidence 
may be associai:ed wi th  t h e  lowest frequ2ncy r e s u l t s .  

2 .2 .6.3 Shrouc 

An approximate c a l c u l a t i o n  was made t o  determine how much s t i f f r e s s  
must be added t o  the  shroud t o  b r i n g  th?  lowest frequency of the  
s p a c e c r a f t  shroud system up t o  3  cps (M3L Program Requirements). 
The computatiorl was made f o r  the  case of two shroud t i e s ,  and f c 5 r  
t he  upr ight  c o ~ l i c a l  conf igura t ion .  

Since the systt:m i s  b a s i c a l l y  a  beam, the  lowest frequency may Ee 
considered p r o p o r t i o n a l  t o  the  square r o o t  s t i f f n e s s  t o  mass r a t i o  

where p denotes mass per  u n i t  l eng th ,  and the  EI here  i s  t o  be 
considered an c?quivalent s t i f f n e s s .  The shroud i s  e s s e n t i a l l y  En 

a d d i t i o n a l  spr.;ng i n  p a r a l l e l  w i t h  the s p a c e c r a f t  and hence i t s  
s t i f f n e s s  i s  a d d i t i v e .  The frequency obtained f o r  t h i s  case  was 
1.36 cps .  The a d d i t i o n a l  shroud mass r equ i red ,  i n  comparison t c ,  
t he  uns t i f f e n e d  s y s  tem weight i s  found from the equat ion  

'desired hrd 3 
%ur ren t  1.36 



TABLE 2-3.  THERMIONIC SPACECRAFT STRUCTURAL DYNAMICS 
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a s  the  amount of s t i f f e n i n g  requi red  i n  i:he shroud t o  g i v e  a  minimum 
n a t u r a l  frequency of 3 cps .  

Using t h i s  f a c t o r  of 11 and cons ider ing  .:he shroud a s  a  simple 
monocoque cone whose o r i g i n a l  weight i s  about 8000 pounds, t h e  
requi red  shroud would weigh around 88,000 pounds, Using t h e  0,24 
pounds of paylocd per  pound of shroud weight penal ty  (Reference I) 
f o r  a  700 nautictal  mile c i r c t ~ l - a r  o r b i t ,  t h i s  shroud i n c r e a s e  r e s u l t s  
i n  a  21,120 pourld payload reduct ion .  Th?refore,  redes ign  of the  
a u t o p i l o t  t o  acc:ommodate payload freqnen.:ies i n  the  one cps rangc: 
w i l l  be r equ i red .  

2.2.7 APPLICATION -- OF RESULTS TO SPACECRCiFT USIKG PANCAKE -- OR 
EXTERNAL'LY FUELED REACTORS 

The major imnpack on the  arrangement of s p a c e c r a f t  us ing  t h e  panciike, 
o r  externa1l.y Eleled diode r e a c t o r s ,  i s  t h a t  t h e i r  h igher  vol tages  
a r e  expected t o  permit t h e  l o c a t i o n  of the alumLnum power cond i t ion ing  
r a d i a t o r  a t  t h e  base of the  s p a c e c r a f t ,  immediately above the  
t h r u s t e r s .  The primary and a u x i l i a r y  r a d i a t o r s  would be loca ted  
immediately a f t  of the  s h i e l d .  This arrangement i s  d e s i r a b l e  i n  
t h a t  i t  e l imina tes  the  need t o  l o c a t e  the  low temperature power 
cond i t jon ing  r a d i a t o r  between ad jacen t  h igher  ternperature components, 
However, t h i s  change i n  arrangement wil l .  have a minor e f f e c t  on the 
o v e r a l l  load d i s t r i b u t i o n ,  r e l a t i v e  t o  i:hat elvployed i n  t h i s  a n a l y s i s .  
Therefore,  the s t r e s s  d i s t r i b u t i o n s  a r e  expected t o  be s i m i l a r .  The 
n e t  s t r u c t u r a l  weight p e n a l t y ,  and natul-a1 f requencies  a r e  t h e r e f o r e  
n o t  expected t c  change apprec iab ly .  I-Imever, the d i s t r i b u t i o n  of the 
launch support  s t r u c t u r e  w i l l  change. 

The aluminum pcrwer condi t ioning  radiate::, i f  loca ted  a t  the  base ,  
w i l l  be requi red  t o  surv ive  h igher  s t re: ;ses ,  and more s t i f f e n i n g  
s t r u c t u r e  w i l l  be requi red .  Conversely, the  r e loca ted  Cu/SS primary 
r a d i a t o r  w i l l  s ee  lower s t r e s s e s ,  and l e s s  s t i f f e n i n g  w i l l  be 
r equ i red .  The t o t a l  s t r u c t u r a l  requireinents should be about t h ~  same 
a s  i d e n t i f i e d  f o r  the c o n i c a l  s p a c e c r a f t  evaluated.  



2 . 3  -- ELECTRIC SYSTEM - - DESIGN 

The purpose of this; p o r t i o n  of t h e  s tudy i s  t o  design an  e l e c t r i c a l  
power system and i t s  components f o r  use i n  an e l e c t r i c a l l y  propel led  
s p a c e c r a f t  i n  which the  source of e l e c t r i c a l  power i s  a  thermionic 
r e a c t o r .  This sec.zion r e p o r t s  the work conpleted f o r  t h e  f l a s h l i t e  
r e a c t o r  concept .  

The depth of the  s tudy i s  s u f f i c i e n t  t o  permit  reasonable e s t ima tes  
of the weight ,  s i z e ,  and e f f i c i e n c y  of equi.pment which w i l l  provide 
the necessary f u n c t i o n s ,  and t o  allow comperisons of these c h a r a c t e r -  
i s t i c s  of the  f l a s h l i t e  r e a c t o r  e l e c t r i c  system wi th  those of the  
e x t e r n a l l y  fue led  ,znd pancake r e a c t o r  e l e c  t:ric systems. 

The primary funct ions  of the  e l e c t r i c a l  system a r e  t o  conver t  the 
e l e c t r i c a l  power developed by the thermion5-c r e a c t o r  t o  forms s u i t a b l e  
f o r  use by the  var ious e l e c t r i c a l  loads ,  tc:, dist-r-ibure the  e l e c t r i c a l  
power, and t o  provide the necessary sys  tern and component p r o t e c t i o n  
and c o n t r o l .  

2 .3 .1 .1  Load C h a r a c t e r i s t i c s  

A t a b u l a t i o n  of the  i d e n t i f i e d  s p a c e c r a f t  Loads and t h e i r  e l e c t r i c a l  
requirements i s  g iven  i n  Table 2-4. D e t a i l s  of the  e l e c t r i c a l  re-  
quirements of the  t h r u s t e r s  , which c o n s t i t u t e  the p r i n c i p a l  load 
(Reference 3 ) ,  a r e  given i n  Table 2-5.  The main p o r t i o n  of t h e  
t h r u s t e r  loads i s  the  t h r u s t e r  sc reens ,  which requ i re  about 7 .2  kW 
each (2 .3  amperes a t  3100 v o l t s  + 1% a v e r a s e ) .  A t o t a l  of 37 
t h r u s t e r s  i s  i n c  l t  ded, of which 31 a r e  a c t i v e  and 6 a r e  s p a r e s .  

The ion  engines,  which rep resen t  the p r i n c i p a l  e l e c t r i c a l  load of the 
e n t i r e  system, a r e  known t o  a r c  f r equen t ly .  When a r c s  occur,  i t  i:, 
necessary  t o  s h u t  down b r i e f l y  the a r c i n g  engine t o  allow the  a r c  t:o 
e x t i n g u i s h ,  then r e s t a r t  i t .  Since the  engines a r e  a  l a r g e  percen- 
tage  of the t o t a l  load ,  i t  was necessary t o  i n v e s t i g a t e  whether the  
a r c i n g  and consequent shutdowns s i g n i f i c a n t l y  diminish t h e  average 
load represented  by the  engines.  Analysis  shows t h a t  even a t  the 
extreme a rc ing  ra1:e of 20 pe r  hour the  reduct ion  i n  average load i!; 
only about 3 . 5  pe::cent. Since a r c i n g  frequency tends t o  diminish 
w i t h  time, the retluction i n  average load Ey t h r u s t e r  a r c i n g  may be 
neglec ted .  

D e t a i l s  of the  a n a l y s i s  a r e  given i n  Appendix B .  
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2.3.1.2 F l a s h l i t e  Reactor - C h a r a c t e r i s t i c s  - 
D e t a i l s  of r e a c t o r  e l e c t r i c a l  charac terLs  t i c s  a s  ; i fe l l  a s  t h e  method 9 

reconunended fo,r r e a c t o r  c o n t r o l  a r e  presented  i n  xeferences 4 artd 5 ,  
The r e a c t o r  power genera to r  i s  composed of Thermhnic  Fuel  Elemc!nts 
(TFE's) made up of s e r i e s  s tacked c e l l s  i n  a  c o n f i g u r a t i o n  r e s e r ~ b l i n g  
b a t t e r i e s  i n  a  f l a s h l i t e .  These TFE's a r e  s e r i e s  connected i n  p a i r s  -. wi th  t h e  c e n t e r  connect ion grounded, a s  shown i n  ~ I g u r e  2- 15. 
Each TFE p a i r  r e q u i r e s  an i n d i v i d u a l  power convez te r  s o  t h a t  t h e  
e l e c t r i c a l  o p e r a t i o n  of each TFE can be ad jus ted  2or optimum con- 
d i t i o n s .  The outputs  of t h e  s e v e r a l  c o a v e r t e r s  Ere  subsequen t l~ r  
combined i n  p a r a l l e l  t o  provide common e l e c t r i c a l  ou tpu t s  t o  t h e  
loads.  

Reactor  c h a r a c t e r i s t i c s  and mission use ,  of course-?., i n f l u e n c e  s7seem 
design.  The e l e c t r i c a l  system must be  designed zc, provide powe:: t o  
the  loads under the  fol lowing cond i t ions  during r3e f l i g h t :  

a. F u l l  power opera t ion  (300 kW) a t  b e g i n ~ l n g  -.. of mission 
(BOM). Under BOM cond i t ion  a l l  of the  -:-~ermionic 
Fuel  E:lements (TFEis) a r e  o p e r a t i v e ;  t h - r e f o r e ,  t o  achieve  
f u l l  glower output ,  each TFE opera tes  a t  i t s  lowest pawl-r 
outpui: . 

b .  F u l l  power opera t ion  (300 kW) a t  end of x i s s i o n  (EOM).  
A t  EOPI, 10 pe rcen t  of t h e  f u e l  elements a r e  assumed 
t o  have f a i l e d ;  hence,  the  r e r a i n i n g  T" s  must o p e r a t e  
under cond i t ions  which w i l l  r e s u l t  i n  t? -e  h igher  power 
outpul: necessary t o  achieve f ~ l l  300 1Co; r e a c t o r  power. 

c. Ten pcircent power opera t ion  (30 1cW) dur L:3g c o a s t ,  Duxing 
t h i s  pe r iod ,  the t h r u s t e r s  a re  inoperative and the  only 
loads connected a r e  h o t e l  loacs  and paylaad .  

d .  TFE f a i l u r e  opera t ion .  This mode r e q u i r e s  t h e  o p e r a t i o n  
of any conver te r  f o r  maximum power o u t ~ ~ r  w i t h  a  WE c f  
a  p a i r  i n o p e r a t i v e  . 

The r e a c t o r  e l t ~ c t r i c a l  c h a r a c t e r i s  t i c s  correspor.? Cng t o  these  
s e v e r a l  ope ra t ing  cond i t ions  a r e  presertted i n  Tr'zLe 2-6.  





TABLE 2-6. FUSHLTTE REACTOR ELECTR1CA.L CEIARACTERISTICS 

-1 
ic Power, ( W e )  300 300 30 

Voltage Output,  (Vol ts )  16.8 15.7 12.5 

Current ,  (Amperes) 17.900 19,100 2400 

108 9  7 -:: 108 

Current/TFE P a i r  165 $ 7  196.9 23.8 

Emit te r  Temp., Max., OK 1950 19 5  0  1600 

9: 10% TFE P a i r  Loss a t  EOM. 

The primary Eurct ion of the  e l e c t r i c a l  system i s  t h a t  i t  transr':zms 
the low voltage DC output  of the r e a c t o r  t o  a  h igher  vol tage  fc.: 
t ransmiss ion  ar!d use i n  t h e  e l e c t r i c a l  l o a d s ,  Transmi.ssion ca5  - 2  

weight and t h e  corresponding power l o s s e s  associ.atecl wi th  power 
t ransmission r e q u i r e  t h a t  power be transm2.tted a t  a  h igh  of a  v:  l t a g e  
a s  p r a c t i c a l .  The r a t i o n a l  for vol tage  l e v e l  s e l e c t i o n  i s  g ivz- -  i n  
Paragraphs 2 , 3  4 and 2 , 3 . 5 .  

Secondari ly ,  t l ~ e  e l e c t r i c a l  power cond i t ion ing  system i s  t o  p r c  ~ i d e  
c o n t r o l  of the amount of power t h a t  is  e x t r a c t e d  from each TFE : z i r  
t o  i n s u r e  proper e l e c  t r j - c a l  and thermal. balance w i t h i n  the reac : 3r. 
The f l a s h l i t e  ::eactor i s  divided i n t o  s i x  zones f o r  a n a l y s i s  pzr- 
poses ,  wi th  d i f f e r e n t  temperature c h a r a c t e r i s  t i c s .  Consequentl:.-, 
f o r  t h e  TFE's .in t h e s e  zones, the  e1ect : r ica l  output  charac t e r i s  rFcs 
a r e  d i f f e r e n t .  F u r t h e r ,  the  TFE's thrcmghout the  r e a c t o r  may 'ze 
e l e c t r i c a l l y  d  i f f e r e n t  due t o  construc1:ion v a r i a t i o n s  . 

P On the  b a s i s  of these  requirement s and the  da ta  of Table 2-6, :I-.- 
power conversi3n equipment i s  designed t o  acconlmoda t e  tnput  vcl :; iges 
during normal f u l l  power opera t ion  from a  low of 14 v o l t s  t o  a ' r igh 
of 1 7  v o l t s ,  and during the coas t  phase,  accommodate an input  :: 12 
v o l t s ,  Furthermore, s i n c e  one h a l f  of a  TFE p a i r  may f a i l ,  pr:- 

I .  v i s ions  a r e  incl-uded f o r  a l lowing the  conversion equipment t o  



opera te  from the  remaining TFE. For power cond i t ione r  design pur-  
poses ,  t h i s  i s  assumed t o  be  one-half  vol tage  c o n d i t i o n  a t  EOM under 
f u l l  power., 

2.3.2 SUMMARY OF RESULTS 

The. e l e c t r i c a l  sys tem proposed f o r  the  f l a s h l i t e  thermionic reactor '  
is  descr ibed  i n  Paragraph 2.3.3.  

The weight of the  equipment f o r  the  e l e c t r i c a l  system, inc luding  
t ransmiss ion ,  d i s t r i b u t i o n  and in terconnect ing  c a b l e s ,  bu t  not  
r a d i a t o r s  (which a r e  assumed t o  be the primary s t r u c t u r a l  mounting 
member f o r  the e l e c t r i c a l  equipment), i s  est imated t o  be 4864 pounds. 
To ta l  e l e c t r i c a l  l,ower l o s s e s  f o r  the system are  est imated t o  be 
52,870 w a t t s ,  f o r  an o v e r a l l  e f f i c i e n c y  of 82.3 pe rcen t .  A breakdown 
of the  p r i n c i p a l  2omponents of weight i s  given i n  Tables 2 - 7  and 2 - 8 .  
The e l e c t r i c a l  poqer l o s s e s  a r e  given i n  l i ab le  2-9. Refer t o  
Paragraph 2.3 .G f o r  a  d i s c u s s i o n  of t h e  s e l e c t e d  components and main 
power conver ter  coneigura t ion .  

Transmission cab les  from the  r e a c t o r  t o  the  power condi t ioning  
equipment weigh 917 pounds. I n  order  t o  withstand the  1 . 6 0 0 ~ ~  h e a t  
o f  the  r e a c t o r  and 8 0 0 ~ ~  s h i e l d  and t o  mi~limize weight and power 
l o s s e s ,  the t ransmission cab les  a r e  assumed t o  be sodium contained 
i n  s t a i n l e s s  s t e e l  tubes,  0.7 inches i n  diameter .  Wiring f o r  high 
vo l t age  power d i s t r i b u t i o n  from the  prirna::~ power cond i t ione r s  i s  
composed of aluminum, which weighs approximately 7 pounds t o t a l .  
In te rconnec t ion  wi r ing ,  p r i m a r i l y  f o r  medium vo l t age  power d i s t r i -  
b u t i o n  between tl-.e power cond i t ion ing  a re2  and r e a c t o r  and engine 
a r e a s ,  weighs 13 pounds. 

TABLI: 2-7. ELECTRIC SYSTEM WEIGHT SIJbMRY 
FMSHLITE REACTOR SYSTEM 

Weight, l b s ,  

Main conver ters  2690 

Auxi l i a ry  P.C. 507 

Auxi l ia  cy thrus  t e r  P , C . 272 

Power D i s t r i b u t i o n  Cables 935 

Screen supply i n t e r r u p t e r s  460 

4864 -- p-s- - 

2-36 



The r e s u l t s  of the  e l e c t r i c  power system d e f i n i t i o n  f o r  the  space- 
c r a f t  based on the f l a s h l i t e  r e a c t o r  have major a p p l i c a t i o n  t o  
s p a c e c r a f t  based on the  pancake and e x t e r n a l l y  fue led  r e a c t o r s .  Ksy 9 

p o i n t s  of s i m i l a r i t y  and d i f f e r e n c e s  i d e n t i f i e d ,  r e l a t i v e  t o  the  
r e s u l t s  presented he re  f o r  t h e  f l a s h l i t e  r e a c t o r  e l e c t r i c  systern, z r e :  

E f f i c i e n c i e s  of the  main power cond i t ion ing  u n i t s  
w i l l  be improved because of the  h igher  vol tages  

Low vol tage  bus b a r  weights  w i l l  be reduced 

The milin power cond i t ion ing  u n i t s  may. be loca ted  a f t ,  
w i t h  a minimum of s e p a r a t e  u n i t s  f o r  the  3 1  opera t ing  
th rus  i:ers 

The wc:ight and power l o s s  a s s c c i a t e d  w i t h  the  sc reen  
iso1ai:ion may be e l iminated  by. providing i s o l a t i o n  a t  
t h e  main high vol tage  power cond i t ion ing  unit: 
transzormer 

Weiglzzs and e f f i c i e n c i e s  of pcwer coizditioning com- 
ponen.':s o the r  than  t h e  main high vol.tage u n i t s  a r e  
no t  e::pec ted t o  change appsrecj ab ly  

2.3.3 ELECTRI(>AL POWER SYSTEi DESCRIP1'ION - 

The b a s i c  e l e c  ~ r i c a l  power sys  tem proposed f o r  t h e  s p a c e c r a f t  
u t i l i z . f n g  the  .iEiashlite thermionic reac; t o r  i s  shown i n  Figure 2-15 , 
I n  t h i s  system each TFE p a i r  i s  provided w i t h  a  power conversicn 
module and each n~odule provides a  medir~m and h igh  output  vo l t age  
l e v e l  of 250 r o l t s  and 3100 v o l t s ,  r e t p e c t i v e l y ,  The outputs  of 
each module a r e  f i l t e r e d  and a l l  modulc!s a r e  connected i n  p a r a l l e ,  
t o  c r e a t e  the d i s t r i b u t i o n  power busses .  

The h igh  vol tage  output  bus provides power t o  a l l  of the  screen  
e l e c t r o d e s  of the ion  engine t h r u s t e r s , ,  The 3100-volt l e v e l  i s  
e s t a b l i s h e d  by the  vo l t age  requirements of t h e  s c r e e n s ,  

The 250-volt o. l tput provides power t o  the remaining s p a c e c r a f t  loz  fs 
inc luding  the  severa l  power supp l i e s  required f o r  each t h r u s t e r  
(Table 2 -5 )  a s  w e l l  a s  f o r  t h e  h o t e l  loads and payloads.  The 256- 
v o l t  l e v e l  i s  s e l e c t e d  a s  a  conven ien t ,  r e l a t i v e l y  h igh  vo l t age  f z r  
a u x i l i a r y  power d i s t r i b u t i o n .  The 3100-volt  l e v e l  used f o r  the 
sc reens  a l s o  could have been used to  d t s t r i b u t e  the a u x i l i a r y  pov:rS 
bu t  because of handl ing and conlponent s e l e c t i o n  problems, 31.00 v c l  rs 
i s  considered an  inconvenient  vo l t age  l e v e l  f o r  uses o the r  than tkzsg 
f o r  which i t  i s  necessary ,  



TABLE 2-8. FUSHLITE REACT011 SYSTEM M A I N  
CONVERTER WEIGHT BREAT.U>O!iTN 

Power t ransformer 
Trans i s  t o r s  
Current  t ransformer 
Contactor  
Base dr..ve c i r c u i t s  

R e c t i f i e r s  
F i l t e r  :-nductor 
F i l t e r  c a p a c i t o r  

Rect i f ic?rs  (SCR) 
F i l t e r  :inductor 
F i l t e r  c a p a c i t o r  

T o t a l  lvisin Converter Sys tern Weight 



TABLE 2-9. SUMMARY OF ELECTRIC LOSSES FOR FTASHLITE 

Main Power Conditioner 
Trans i s  t o r  Conduction Loss (0.55xlG5) 
Trans i s  t o r  Switching Loss 
T r a n s i s t s r  Base d r i v e  Loss 

Output rclctif  i e r s  (HV) 
Output f : - l t e r  (RV) 
Output r e c t i f i e r s  (MV) 
Output f . , l t e r  (MV) 
Control  c i r c u i t s  

T o t a l  l o s s e s ,  s i n g l e  TFE pail '  

T o t a l  main power condi t ioning  
l o s s e s ,  108 u n i t s  

Screen supply i n t e r r u p t e r  

EM Pump Power Conditioning 

Thrus te!: a u x i l i a r y  P  .C .* 
Payload Power Conditioning 

T o t a l  power condi t ioning  l o s s e s ,  

T o t a l  t ransmissi-on cab le  l o s s e s ,  

r e a c t o r  output : 



Power t o  the  hotel .  loads and t o  t h e  a u x i l i a r y  t h r u s t e r  power s u p p l i e s  
and the .payloads i s  d i s t r i b u t e d  by means of two 250-volt  busses ,  one 
group of loads near  the r e a c t o r  and one a t  the  t h r u ~ t e r s / ~ a y l o a d  a r e a .  t 

The bus near  the  f r o n t  of the  s p a c e c r a f t  supp l i e s  power t o  the  
fol lowing loads : 

. Primary loop coo lan t  pump 

Secondary loop coolant  pump 

Shie ld  coo lan t  pump 

A u x i l i a r : ~  pump ( supp l i e s  coolant  t o  cool  t h e  o t h e r  pumps) 

e Propell-alit pump 

Reactor c o n t r o l s  

Cesium h e a t e r s .  

The bus a t  the  th:custer payload supp l i e s  power t o  the fol lowing 
loads : 

Thrus ter  a u x i l i a r y  power cond i t ione r s  

o Payload :3ower cond i t ione r s  

Com<3nd and te lemetry  

Guidance and c o n t r o l  power cond i t ione r s  

Powerplant sys tem c o n t r o l  power cond i t ione r s  

2.3.4 MAIN - POWER CONVERTER DESIGN 

D e t a i l s  of the  b a s i c  TFE power conver te r  n:odules s e l e c t e d  f o r  t h e  
f l a s h l i t e  r e a c t o r  system a r e  shown schemat ica l ly  on Figure  2-16. 

E i t h e r  of tmo phi losophies  may be used i n  s i z i n g  the conversion 
equipment. One i s  t o  design the  conver ters  f o r  the  TFE p a i r s  oper- 
a t i n g  i n  the  s e v e r a l  zones of the  r eac to r '  This approach r e s u l t s  





i n  minimum weight equipment, b u t  may r e q u i r e  s e v e r a l  d i f f e r e n t  des igns .  
For e s t ima t ing  purposes,  equipment weights f o r  t h i s  approach can be 
c a l c u l a t e d  using average TFE c h a r a c t e r i s t i c s ,  recognizing t h a t  s  ome 
equipment may be s r a l l e r  and l i g h t e r  than  average and some may be 
l a r g e r  and heav ie r .  Because of t h e  d i f f e r e n c e  i n  the e l e c t r i c a l  
c h a r a c t e r i s t i c s  i n  t h e  s i x  r e a c t o r  zones, a  maximum of s i x  d i f f e r e n t  
designs would be requ i red .  

The a l t e r n a t e  philosophy i s  t o  have a sing112 design of power con- 
ve r s ion  equipment and apply t h i s  design t o  a l l  TFE p a i r  modules. This 
approach requ i res  t h a t  the  conversion equipment design be capable  of' 
ope ra t ing  wi th  a11 extremes of TFE c h a r a c t e r i s t i c s .  I t  must be capable  
of handl ing the  lar3ges t c u r r e n t  and the  h igaes  t vol tage of a l l  i n d i -  
v idua l  TFE p a i r s .  Considering a l l  TFE modules then,  power convers icn  
would be overdesigr~ed s i n c e  the  maximum c u r r e n t  and maximum vol tage  do 
not  r e s u l t  coincidc!ntally i n  any s i n g l e  TFE p a i r ,  

Although the  l a t t e r  approach i s  t h e  p r e f e r a b l e  one from the stand- 
p o i n t  of design cormonal i ty ,  the  f i r s t  approach w i l l  be used f o r  
equipment s i z i n g  f o r  t h i s  s tudy,  s i n c e  i t  r e s u l t s  i n  the  optimuin des ign  
f o r  a  weight l imi ted  s p a c e c r a f t .  The power conversion equipment w i l . 1  
be s i zed  f o r  average TFE c u r r e n t  and average TFE vo l t age ,  X t  shoultl 
be remembered, however, t h a t  some conver te r s  may be l a r g e r  and some 
smal ler  than average.  

From the  TFE data  fo r  t h e  300 1We opera t ing  p o i n t s  shown on 
Table 2-6, i t  i s  c l e a r  t h a t  the  TFE p a i r  a\ ,erage c u r r e n t  i s  l a r g e s t  
a t  end of mission,  197 amperes, and average vol tage  i s  h ighes t  a t  
beginning of m i s s i m ,  16.8 v o l t s .  The end of mission c u r r e n t  i n c r e a s e  
when compared w i t h  beginning of mission i s  p r imar i ly  due t o  the  
allowed l o s s  of 101 of the TFE's, not  reacl o r  c h a r a c t e r i s t i c  change,  

Over t h e  l i f e  of the  r e a c t o r ,  whi le  d e l i v e r i n g  f u l l  power and exclu(S- 
ing  f a i l u r e  of one-half of a  TFE p a i r ,  t he  average output vo l t age  
w i l l  range from 15.7 v o l t s  t o  16.8 v o l t s .  I n  cons ider ing  the  t o t a l  
vo l t age  range f o r  which t o  design the  primary power conver ters  
however, i t  i s  necessary t o  cons ider  a l s o  1:he vo l t age  range requi red  
by the  r e a c t o r  c u r r e n t  r e g u l a t i n g  c o n t r o l  scheme. For t h i s  purpose, 
acknowledging t h a t  the primary u s e r  of power a r e  the  r e l a t i v e l y  con- 
s  t a n t  ion  bornbardnent engines,  assume the s p a c e c r a f t  load can chang? 
ins tan taneous ly  by 10 percent  f u l l  load ,  30 kW. The c o n t r o l  system 
descr ibed f o r  the  £1-ashl i te  r e a c t o r  r e q u i r e s  t h a t  i n  t h e  s teady s t a t e ,  
TFE c u r r e n t  be p r c p o r t i o n a l  t o  r e a c t o r  the:-ma1 power s o  t h a t  e m i t t e r  
temperature i s  c o n t r o l l e d  fol lowing e l e c t r i c a l  load changes 
(Reference 4 ) .  Trans ien t ly ,  i n  the f i r s t  Eew mil l iseconds a f t e r  an 



e l e c t r i c a l  1 oad change, diode temperatures remain c o n s t a n t  and d i o d e  
vol tage  and c u r r e n t  fol low the i so thermal  charactcrisf:%c curves ,  a s  
shown f o r  example, on Figure 2 - 1 7 .  For l a r g e  load changes, the  , 
corresponding thermionic diode vol tage change would be l a rge ,  b u t  f o r  
r e l a t i v e l y  sm,nll load change of concern h e r e ,  the corresponding 
ins tantaneous  vo l t age  change i s  q u i t e  smal l  - perhaps 0 .8  v o l t s  i\;hich 
i s  approximately 5 pe rcen t  a t  the opera t ing  l e v e l s .  Assuming t h z c  the  
c o n t r o l  system l i m i t s  the t o t a l  excurs ion  t o  t h i s  value a s  a maxizum, 
then the  t o t a l  i n p u t  vol tage  range f o r  which the conversion e q u t ~ ~ e n t  
should be designed i s  from about 14 v o l t s  t o  about 18 v o l t s ,  w i t h  
a d d i t i o n a l  p rov i s ions  f o r  operar ion  at: t he  f a i l e d  h a l f  i n p u t  v o l r s g e  
a n d  the c o a s t  vo l t age  corresponding t o  10 pe rcen t  power. For thls 
range of input  vol tages  the  output  vo Ltage should be he ld  cons t a z t .  
E l e c t r i c a l  i n p u t  c h a r a c t e r i s  t i c s  f o r  -he p r i n a r y  power c o n d i t i o c z r s  
design then a r e  a s  follows : 

I n p u t  Vc l t a g e  

Full .  power: 1-4 t o  18 VDC 
Coast power: 11 VDC (min) 
Half,' TFE f a i l u r e :  7 t o  9 VDC 

Input  c ~ i r r e n t  

Full. power: 196.9 amperes (max.) 
Coat: t power : - 23.8 amperes 

Equivalc:nt Input  Power Rating 

The 'bas ic  c o i ~ v e r s i o n  func t ion  i s  perfiormed by a  p a r a l l e l  i n v e r t e r  
which i s  the  p r e f e r r e d  c i r c u i t  t o  minimize i n v e r t e r  l o s s e s .  The 
i n v e r t e r  i s  capable  of opera t ing  i n  t h r e e  d i f f e r e n t  modes: 

g Thrust  ope ra t ion ,  100 percent  power 

One-half vol tage  opera t i o n ,  corresponding t o  the  f a i l u r e  
of one TFE o f  the p a i r  

Coast mode, 10 percent  powe :. e 



OUTPUT CI:IIREhT - -  AhlPS 

Figure 2-17. 'Typical Thermionic Reactcr  I - V  C h a r a c t e r i s t i c s  

Since the  vol tage Level f o r  normal opera t i cn  and t h e  f a i l e d  cond i t ion  
a r e  s u f f i c i e n t l y  d i f f e r e n t ,  p rov i s ions  a r e  included t o  s e l e c t  t aps  on 
the  primary of the  main power t ransformer f'or these  two cond i t ions .  
During normal opernt ion  which i s  e i t h e r  a t  100 pe rcen t  load during 
t h r u s t  o r  10 p e r c e ~ t  load during c o a s t ,  the switching devices a r e  
connected by means of a  c o n t a c t o r  t o  the  e2 treme taps  on the  power 
t ransformer.  I n  t l e  event  of f a i l u r e  of ore  of the  TFEf s  of t h e  p a l r  
supplying t h i s  conver te r ,  t he  switching delrices a r e  t r a n s f e r r e d  t o  :he 
lower vol tage  t ap .  For t h e  10 percent  power opera t ion  during c o a s t ,  
t he  TFE output  vol tage  i s  s u f f i c i e n t l y  s i m i l a r  t o  the  r egu la r  100 
pe rcen t  power opera t ion  t h a t  no t ransformer t ap  change i s  necessary .  
I n  t h i s  app l i ca t io t i  where t r a n s i s t o r s  have been s e l e c t e d  f o r  t h e  
switching devices ,  the  base d r i v e  c i r c u i t s  must be designed t o  recog- 
n ize  t h e  c o l l e c t o r  c u r r e n t  change and reduce t h e  base c u r r e n t  
accordingly ,  i n  order  t o  reduce the  unnececsary l o s s e s  i n  the base 
d r i v e  c i r c u i t s  during t h e  c o a s t  mode. 

An a l t e r n a t i v e  t o  switching the  main i:ransj.stor groups between t a p s  
by means of a  con tac to r  i s  t o  provide a  second s e t  of switching 
devices  permanently connected t o  the  one-half vol tage  t ransformer 
t a p s .  S ince ,  however, these switching devices a r e  requi red  t o  handle 



t h e  same c u r r e n t  l e v e l s  a s  the  primary t r a n s i s t o r  groups,  t h e  t o t a l  
number of t r a n s i s t o r s  doubles,  and base  d r i v e  c i r c u i t s  must be d u p l i -  
ca ted .  It is l i g h t e r  and l e s s  complex t o  have one s e t  of t r a n s i s t o r s  
and s e l e c t  the proper  t ransformer taps  by con tac to r  switching.  

2 .3.4.2.1 Switl - One of t h e  f i r s t  decis ioi ls  t o  
be made i n  cons ider ing  power conversion equipment f o r  the  f l a s h l i t e  
r e a c t o r s  systelll i s  the type of power switching device t o  use i n  the  
i n v e r t e r ,  whethzr t r a n s i s t o r  o r  SCR,  13~:causc the  vol tage  output  l e v e l  
of t h e  TFE p a i r s  i s  r e l a t i v e l y  low, i t  i.s important t h a t  the  l o s s e s  
of the  switching devices  be low i n  the i n t e r e s t  of e f f i c i e n c y .  
These losses  a r e  p r i m a r i l y  composed of c:onduction l o s s e s  p l u s  l o s s e s  
during the  switch t r a n s i t i o n  t imes.  Typica l ly ,  t r a n s i s  t o r s  a r e  
s u p e r i o r  when compared t o  SCR'  s from the  s t andpo in t  of conduction 
l o s s e s  (satura.t io11 vol tage  drop of 0.8 ~ r o l t s  o r  l e s s  f o r  t r a n s i s t o r s  
compared t o  1 t o  1,5 v o l t s  f o r  SCR's) . Also,  t r a n s i s t o r s  have rruch 
s h o r t e r  switching times than  SCR's and t h e r e f o r e  can be used a t  
h igher  f requencies  t o  reduce transformer: weight .  Thus, the choice 
i s  t r a n s i s t o r s ,  Furthermore, the  se lec2 ion  i s  confined t o  s i l i c o n  
t r a n s i s t o r s .  Germanium t r a n s i s t o r s ,  t he  o the r  p o s s i b i l i t y ,  a r e  elim- 
i n a t e d  from coris iderat ion because of low opera t ing  temperature 
t o l e r a n c e .  Herice, tlze design i s  based 2-n the  u.se of s i l i - con  tr2:ns- 
i s t o r s .  To mec:t the  necessary c u r r e n t  ' landl ing capabil-i- ty,  s i x  s i l i c o n  
t rans?-s tors  arc! s w i ~ c h e d  i n  p a r a l l e l  t o  genera te  a l t e r n a t i n g  c u r r e n t  
f o r  transformai:ion and subsequent r e c t i f i c a t i o n .  

Two f a c t o r s  injiluence the  s e l e c t i o n  of Lhe s p e c i f i c  power switching 
t r a n s i s  t o r s  ; b o t h  a.f f e c t  e f f i c i e n c y  . These f a c t o r s  a r e  the switching 
speed and the  (:onduction drop a s  a  r e s u l t  of t h e  c o l l e c t o r - t o - e r l i t t e r  
s a t u r a t i o n  vo l i~age ,  

An examination of the  c h a r a c t e r i s t i c s  cf  s e v e r a l  types of s i l i c o n  power 
t r a n s i s t o r s  c u r r e n t l y  a v a i l a b l e  i n d i c a t e s  t h a t  they can be divided 
ty-pically i n t o  two genera l  c a t e g o r i e s ,  The f i r s t ,  t y p i f i e d  by :he 
RCA 2N3263 (25  zmp, 150V), Delco 2N2580 (10 amp., 400 v o l t ) ,  and 
Westinghouse 1776-1460 (60 amp, 140 v o l t ) ,  e x h i b i t  a  s a t u r a t i o n  vol tage  
drop of about 3.75 v o l t s  and switching speeds of about 0.5 and 1.0 
microseconds (neg lec t ing  s to rage  t ime, which can be compensated f o r  
by s p e c i a l  c i r z u i t  techniques) ,  

l'he second ca tegory  i s  def ined by a r e l a t i v e  newcomer, a  Westin=house 
low-sa tura t ion  vol tage  drop t r a n s i s t o r  - 0 . 2  v o l t  a t  76 amperes. 
This device has a  swi tching  speed of atlout 5 microseconds. 

Some of the  c h a r a c t e r i s t i c s  of these  devices  a r e  given i n  Table 2-10, 





Other h igh  power. t r a n s i s t o r s  i n  a d d i t i o n  t o  those  shown i n  Table I-I0 
were considered,  such a s  S o l i t r o n  2N4865 and SDT892l which a r e  10;  
ampere u n i t s ,  but  which e x h i b i t  r e l a t i v e l y  h igh  s a t u r a t i o n  vol-tagt s * 

a t  t h e  h igher  ~ p e r a  t i n g  c u r r e n t s ,  

The choice  is  then between high-speed t r a n s i s  t o r s ,  which typical .  1:- 
have a  s a t u r a t i o n  vo l t age  of 0.75 v o l t s  and switching speeds of l e s s  
than 1 microsecond, and the  s lower,  low-*saturat ion-drop u n i t  w i t h  2 

vol tage  drop of 0 . 2  v o l t s  and switching speeds of 5 microseconds, 

Both s a t u r a t i o n  vol tage  and switchin-g times c o n t r i b u t e  t o  t ra rzs isz3r  
l o s s e s .  Analysis  shows t h a t  these  1ossc:s or1 a p a r  u n i t  b a s i s  a r e  
represented  by t h e  fol lowing express ions :  

I n  these  equati.ons: 

PC = Condriction power l o s s ,  w a t t s  

PS = Switching l o s s ,  w a t t s  

W - Powel: being converted - ( i n p u t  vo l t age )  X ( i n p u t  curre:) 

TR = Trans is tor  r i s e  t ime, microseconds 

TF = T r a n ; i s t o r  f a l l  t ime, microscconds 

f = Swit2hing frequency, ki1oHert:z 

VCE(SAT) = T r a n s i s t o r  c o l l e c t o r - e n i t t e r  s a t u r a t i o n  vo l t age ,  ; x ~ l t s  

E = Supply vo l t age  

These components of t r a n s i s t o r  l o s s e s  have been evalua ted  by me:s:-.s of 
a computer prcgram f o r  var ious values I>£ s a t u r a t i o n  vo l t age  an0 
t r a n s i s  t o r  s w i  tching speed a s  a  func t im  of switching f requencl-, An 
inpu t  vo l t age  of 16 v o l t s  and a  power Level of 3 klJ were assumci.t. 
Resul t s  a r e  shown i n  Figure  2-18. T o t ~ l  l o s s e s  versus frequent::- f o r  
the Westinghor~se low s a t u r a t i o n  drop w ~ i t  and t h e  t y p i c a l  h igh  - .  s; sed  
u n i t  a r e  sl~own i n  Figure 2-19. These curves show t h a t  a t  switc:::?g 
speeds below 5.8 kHz the low s a t u r a t i o n  drop t r a n s i s t o r  i s  p r e f c z r e d ,  



Figure 2-13.  Transis tor Conductio I and 5iaitching Loss 

Figure 2-19. Conlparison of Tranz l s  tor 
Losses with Frequency 



because the  co~nbined conduction and switching l o s s e s  a r e  lower than 
those of the  Eas ter  t r a n s i s t o r s .  Above 5.8 hKz, switching l o s s e s  
i n  the  5 micro;econd t r a n s i s t o r  r i s e  r a p i d l y ,  and the f a s t e r  t r a n -  @ 

s i s t o r s  a r e  p r g f e r r e d .  

2.3 .4 .2 .2  C&g - In - The p r e f e r r e d  swi tching  
frequency must be  i d e n t i f i e d .  A s  f a r  2s t h e  t r a n s i s t o r s  a r e  con- 
cerned,  r ega rd less  which type i s  used,  l o s s e s  r i s e  wi th  frequency, 
a l though f o r  h igh  speed t r a n s i s t o r s  the  r i s e  i s  very gradual .  Mag- 
n e t i c  co re  l o s s e s  i n  the conver ter  power transformer a l s o  go up w i t h  
frequency, bu t  the  amount of co re  m a t e r i a l  requi red  decreases ,  and 
t o t a l  co re  l o s s  remains about  c o n s t a n t ,  I n  genera l ,  cons tan t  
e f f i c i e n c y  t ransformers  can be assumed, A t  very high f requenc ies ,  s a y  
20 kHz and abcve, l o s s e s  i n  output  r ecz i f i - e r s  must be cons idered .  
Otherwise, otk e r  l o s s e s  can be conside :ed t o  be independent of f r e -  
quenc y . 
The increased  t r a l ~ s i s t o r  l o s s e s  a s soc ia ted  wi th  inc reas ing  frecjuency 
requ i re  a,dditj.onal r a d i a t o r  weight:, O a  the  o the r  hand, magnetics 
weight drops wi th  inc reas ing  frequency. A b r i e f  a n a l y s i s  shows t h a t  
f o r  an incremental  power system weight of 50 pound/k~l,  i n  gene1:al t h e  
weight gain/pc:nalty i s  l e s s  than 100 porand t o t a l  over t h e  f r e q ~ ~ e n c y  
range of 2 t o  20 kHz. Hence, the  s e l ~ c t i o n  of frequency may b(: 
made cons ider ing  o the r  b a s i s  a s  w e l l  as  a weight-ef f i c i e n c y  t r a d e o f f ,  
An opera t ing  :frequency of 10 kHz was s e l e c t e d  because of previous 
design exper ience ,  

2.3 .4 .2 .3  - Transformer -,-- Mater ia l  Select l 'on -- - One of t h e  f a c t o r s  which 
r e l a t e s  t o  bo th  opera t ing  frequerlcy ar d weight i s  the  type of :ore 
m a t e r i a l  used i n  the  power transformeus,  One of the candi-date; i s  a 
f e r r i t e ,  This t y - p e  of m a t e r i a l  has  t t e  advaistages of r e l a t i v e l y  101~7 

dens i ty  (about  5.3 grn/cm3 compared t o  about 8.5 gn/cm3 f o r  e l c 2 t r i c a l  
s t e e l )  and low core  l o s s  a t  h igh  f requencies ,  bu t  i t  has t h e  d isad-  
vantages of r e l a t i v e l y  low s a t u r a t i o n  f l u x  dens i ty  and low Cur ie  
temperature,  the  temperature of about 180°C a t  which i t  l o s e s  i t s  
magnetic p r o p e r t i e s .  I n  view of  the opera t ing  temperature s p e c i f i e d  
f o r  the  e l e c t r o n i c  equipment i n  t h i s  : ippl ica t ion  inc luding  the  
a t t e n d e n t  con:ponent thermal. g r a d i e n t  and t h e  unknown charac t c r  i s  t i c s  
of f e r r i t e  i r .  a nuclear  environment, use of t h i s  type of m a t e r i a l  w i l l  
no t  be cons i c  ered . I t s  eva lua t ion  fo:: the  tlzermionic spacecrs  f t  
a p p l i c a t i o n  w i l l  be  l e f t  t o  a more de :a i led design than t h i s  E tudy 
permi ts .  



2.3.4,2.4 - For purposes of t:-.Ls 
s tudy,  the  power conversion equipment desjIgn i s  based on t h e  f.:llow- 
i n g  s e l e c t i o n s  : 

e Switching devices  High speed s i l i c o n  t r a n s  is t o r s  
(Weritinghouse 1776 - 146C) 

Operating frequency 10 IcHz 

Magnetic co re  m a t e r i a l  E l e c ~ t r i c a l  s t e e 1  such a s  3yalu-80 

e Module s i z e  F u l l  s i z e  f o r  one TFE pzLr 
196.9 amperes, maximum 
11- 17 v o l t  w i t h  p r o v i s i c . . ~  ::or 
ha]-E vol tage  o p e r a t i o n  

Reli-abil i t y  provis ions  No s d d i t i o n a l  c i r c u i t  r E  5zn1lancj~ 

2 . 3 , 4 . 3  t t  S i ze  I d e n t i f i c a t i o n  

A complicat ing f a c t o r  in t h e  use  of power t r a n s i s t o r s  i n  t h i s  ; _ ? p l i -  
1 r f n t  c a t i o n  i s  t h e i r  Ximited c u r r e n t  r a t i n g  con~pared t o  the  t o t a l  c_:= 

de l ive red  by t h e  source.  For example, the r a t i n g  of t h e  
Westinghouse 1976 - 1469 i s  60 amperes, whereas the  EOM curre?.= of 
a WE p a i r  i s  196.9 amperes. I f  t h e  t r a n s i s t o r s  a r e  operated zt 30 
amperes, bo th  t o  reduce the  s a t u r a t i o n  c c l l e c t o r - e m i t t e r  v o l i ~ z e  
drop and t o  provf~de normal design margin f o r  r e l i a b i l i t y ,  s i x  
t r a n s i s t o r s  opera t ing  i n  p a r a l l e l  a r e  requi red  p e r  glmup. Ths p ro -  
blems a s s o c i a t e d  w i t h  opera t ing  many t r a r s i s t o r s  i n  p a r a l l e l  ?:-e a t  
l e a s t  hirof old : p  roper sha r ing  of c u r r e n t  and coord ina t ion  of  z ;rn- 
o f f  c h a r a c t e r i s t i c s ,  e s p e c i a l l y  s t o r a g e  f ime, s o  t h a t  tlze t r e x i s t o r s  
i n  a  group a l l  t l r n  o f f -  together  and one t r a n s i s t o r  does no t  z:rry 
a l l  of t h e  c u r r e n t  during the  swi tching  i n t e r v a l .  Successfu i  
ope ra t ion  of p a r a l l e l  t r a n s i s t o r s  i n  power conver te r s  is  cow-52. 
For purposes of t h i s  s tudy i t  w i l l  be assumed t h a t ,  by proper  zon- 
t r o l  of device c h a r a c t e r i s t i c s  during marlufac t u r e ,  possib l y  k:#- 
device s e l e c t i o n ,  and b y  s p e c i a l  c i r c u i t  techniques,  proper  
opera t ion  of up t o  10 power t r a n s i s t o r s  :In p a r a l l e l  can be ac-.Fared 
a t  t h e  des i red  opera t ing  frequency wi thout  s a c r i f i c e  of e f f  icLzncy 
and w i t h  minimal weight inc rease  f o r  add: - t ional  c i r c u i t  compcxznt.~.  

It should be noted t h a t  the  s a t u r a t i o n  vol tage  drop of a  t ra rsLs t :or  
i s  a  func t ion  of the  t r a n s i s t o r  co l l ec to :?  c u r r e n t ,  Hence, t c  icit 'hin 
l i m i t s ,  low s a t u r a t i o n  drop of even o rd ina ry  power t r a n s i s t o -  can 
be achieved by opera t ing  them a t  low c u r r e n t s .  I n  p a r t ,  t h i s  i s  t h e  
reason f o r  opera t ing  the  s e l e c t e d  t r a n s i s t o r s  a t  h a l f  r a t e d  c - r r e n t ,  



Clear ly ,  the re  a r e  p r a c t i c a l  l i m i t s  t o  t h e  r educ t ion  i n  s a t u r a t i o n  
vol tage  which can be gained by the  t r a n s i s t o r  p a r a l l e l i n g  technique.  
For example, i f  10 t r a n s l s t o r s  a r e  o p e r ~ ~ t i n g  i n  p a r a l l e l  t h e  * 

addie ion  of one w i l l  reduce t h e  c u r r e n t  p e r  t r a n s i s t o r  by about  9 
pe rcen t  and w i l l  only reduce the  sa tura t : ion  vo l t age  by a  s i m i l a r  amount 
( i . e . ,  V C E ( S A T ) ~  = 0.44V, V C E ( S A T ) ~ ~  = 0.40V). A s e p a r a t e  s tudy 
would be requ i r -8  t o  determine t h e  optirmm balance  between s a t u r a t i o n  
vo l t age  and num'ber of t r a n s i s  t o r s .  

A dec i s ion  requi red  i n  connection w i t h  power conver te r  des ign  i s  t h e  
b a s i c  s i z e  of the  conver te r  module, Col~vers ion  of a l l .  t h e  power2 of 
one TFE p a i r  can be performed i n  a  s i n g l e  conver te r  wi th  a  s i n g l e  
power t ransformer.  On the  o the r  hand the  conversiorl equipment f'or a 
s i n g l e  TFE p a i r  can c o n s i s t  of a  number of small  modules wi th  t t . e i r  
i n p u t s  conn2cted i n  p a r a l l e l  and t h e i r  3utputs i n  s e r i e s  o r  p a r ~ . l l e l .  
The s i n g l e  corz.c/erter has the  advantage 3f lowest weight ,  b u t  ha:; t he  
disadvantage of provid ing  no redundancy, '13e modular approach bas 
the  advantage c,f a  h igh  degree of redundancy b u t  the disadvantal;e of 
g r e a t e r  weight ,  

An es t ima te  of the  weight pena l ty  can be made by  the fol lowing 
reasoning.  T h e  bu lk  of t h e  weight of a dc-to-dc conver te r  i s  the  
power t r a n s f o m ~ e r .  Let  i t  be assumed t h a t  tlze t ransformer r e p r l ? s e n t s  
h a l f  the  t o t a l  weight ,  and t h a t  the  t ransformer weight v a r i e s  a:: 
t h e  314 power of i t s  e l e c t r i c a l  r a t i n g  (Reference 6 ) .  

Let W10 = weight of t ransformer f o r  module of 10 modul-es 

W1 = weigllt of t ransformer f o r  s i r g l e  conver te r  

Thus, the  weig'qt of a  s i n g l e ,  f u l l  s i z e  t ransformer i s  5 . 6  times t h a t  
of the t r a i~s fo rmer  i n  a  s i n g l e  module of 1/10 t h e  power r a t i n g .  
Since 10 small  t ransformers  i s  the  equivalent of a  s i n g l e  l a r g e  
one from a power s t andpo in t ,  t e n  smal l  t ransformers  would weigk 
1015.6, o r  n e a r l y  1 .8  times more than i i  s i n g l e  l a r g e  u n i t .  S i r c e  
transformer weight i s  assumed t o  repre : ;en t  1 1 2  t o t a l  equipment weight 
and a11 o the r  weight i s  considered t o  be equ iva len t  i n  t h e  two 
c a s e s ,  tlze t o t a l  equipment weight of 113 small  modules wil.1 be 3 .4 
times t h a t  of a  s i n g l e  l a r g e  conver te r .  



The former a n a l y s i s  does not  allow overatirlg of the smal l  modules t o  
take  advantage of redundancy. I f  the  modu'Lar equipment were t o  be 
designed s o  t h a t  l o s s  of a  s i n g l e  module could be t o l e r a t e d  wi thout  
l o s s  of capacj,ty, each of t h e  10 modules would have t o  be designed 
s o  t h a t  9 could handle t h e  t o t a l  power output  of the  WE p a i r s .  
Hence, each would have t o  be capable  of handl ing 10/9,  o r  1.11 of i t s  
nominal power; i n  o t h e r  words, each should be designed f o r  11 percen t  
excess capac i ty .  Such excess c a p a c i t y  has not  been fac to red  i n t o  the  
computations. 

Since t h e  flashli1:e r e a c t o r  con ta ins  108 TFE pa&rs ,  each of which 
rep resen t s  a  sepa::ate power source,  it i s  assumed t h a t  no redundancy 
is  requi red  i n  the? conversion equipment. A l o s s  of one power 
conver te r  channel r e p r e s e n t s  a  l o s s  of l e s s  than 1 percent  i n  t h e  
t o t a l  power avai l i lb le  from the  r e a c t o r .  

I f  redundancy i s  d e s i r e d ,  however, some of the  methods of provid ing  
i t  a r e  a s  fol lows:  

a ,  Use s i n g l e ,  f u l l  capac i ty  convert .ers f o r  each TFE 
p a i r  and incl-ude a d d i t i o n a l  convesrters tirl~ich. can be 
switched i n  i n  p l a c e  of f a i l e d  u n i t s .  There would 
be s i g n i f i c a n t  d i f f i c u l t i e s  i n  p ~ ~ o v i d i n g  f o r  f a u l t  
d e t e c t i o n  and switching.  This does not  appear t o  be 
a  p r a c t i c a l  approach. 

b .  For each TPE p a i r ,  provide a  redundant f u l l  capac i ty  
conver ter  s o  t h a t  i f  one f a i l s  tlle o the r  can take  over ,  
' f i i s  ap-proach doubles the weight of the  conversion 
equipmer.t and appears  prohib i t iv(2  from the weight 
s tandpoin t  . 

c ,  For each TFE p a i r ,  provide N con . \~e r t e r s  i n  p a r a l l e l ,  
each wit:h s u f f i c i e n t  c a p a c i t y  s o  t h a t  one can f a i l  and 
the  o t h e r s  take over t h e  f u l l  10~3d without  l o s s  of power. 
This i s  s i m i l a r  t o  the  second approach, except t h a t  more 
than a redundant u n i t  would be provided.  The pena l ty  
f o r  thi:: approach, a s  noted be fo re ,  i s  one of weight :  
modular:-zed equipment i s  simply 2eavier  than concen- 
t r a t e d  equipment of the  same r a t i n g ,  



d .  Provide c i r c u i t  redundancy r a t h e r  than  equipment 
redundancy. That i s ,  ins t ead  of providing complete 
spa re  modules o r  conver te r s ,  design the  necessary 
conv,ersion equipment conse rva t ive ly  and provide 
redundant c i r c u i t s  t o  minimize the  p r o b a b i l i t y  of 
f a i l l r r e .  

For t h e  f l a s h t i - t e  r e a c t o r  system the no redundancy approach i s  
s e l e c t e d  f o r  :::he fol lowing reasons : 

a .  With 108 i n d i v i d u a l  power sources a v a i l a b l e ,  f a i l u r e  
of any one conver ter  channel  r e p r e s e n t s  l o s s  of l e s s  
than 1 percen-t  of t o t a l  power. 

b .  Stud 7 ground r u l e s  provide r e a c t o r s  designed t o  provitie 
BOM ;,oxiier a t  EOM, even i f  10 percent  of t h e  TFE u n i t s  
a r e  Lost due t o  f a i l u r e .  

c  . To p  "vide redundancy by a d d i t i o n a l  conver ters  repre-  
sent*; a  subs tan t i a l .  weight pena l ty  f o r  the  conversion 
equi :~ment ,  

2 . 3 , 5 , 1  Reac -- 

The main convzr ter  module d e t a i l e d  on Figure  2-16 i s  connected t o  
t h e  TFE p a i r  through a  l i m i t e r  o r  f u s e ,  the  func t ion  of which i s  t o  
open the  c i r c ~ i t  between t h e  WE p a i r  and the conver ter  i n  c a s ?  of 
i n t e r n a l  conv2rter  f a u l t s .  The i n t e n t i o n  i-s t o  prevent  physic(3l 
damage wi th in  the  conver te r  because of high s h o r t  c i r c u i t  cu.rr 2nts.  
I t  is  recognized t h a t  ope ra t ion  of the f u s e  open c i r c u i t s  t h e  rFE 
p a i r ,  and may cause overheat ing and f a i l u r e  of the  TFE p a i r s .  The 
a l t e r n a t i v e  wauld be t o  provide some means of s h o r t  c i r c u i t i n g  t h e  
TFE's in t h e  case  of disconnect ion of t h e  conver te r .  I n  t h i s  i n i t i a l  
s tudy,  s h o r t  c i r c u i t i n g  means a r e  n o t  provided because t h e  cond i t ion  
of open-c i rcui t ing  by conver ter  f a i l u r e  i s  considered equiva lent  t o  
open-c i rcu i t ing  of a  TFE because of an i n t e r n a l  f a u l t .  Consequently, 
t h e r e  a r e  no provis ions  a g a i n s t  overheat ing f o r  e i t h e r  a  TFE f a i l u r e  
o r  power condi t ioning  f a i l u r e .  Future: s tudy should be perforkxed t o  
determine i f  a problem could e x i s t .  

Diodes ac ross  each TFE a r e  included within t h e  conver ter  t o  provide a  
pa th  f o r  t h e  c u r r e n t  from t h e  s u r v i v i r ~ g  TFF,, in  t h e  event of open c i r  
c u i t  f a i l u r e  of t h e  o t h e r .  

. dC 
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An i n p u t  f i l t e r  c o n s i s t i n g  of a  c a p a c i t o r  and r e a c t o r  i s  included i n  
the  conver te r  design t o  l i m i t  the  vol tage  swings a t  the  inpu t  t o  t h e  
conver te r  during those por t ions  of t h e  normal opera t ing  c y c l e  when 
t h e  conver te r .  t r a n s i s t o r s  a r e  o f f  and the  TFE p a i r s  a r e  unloaded. 

A t  a  10 kHz switc'2ing frequency f o r  the  cc~nver te r s  connected t o  each 
TFE p a i r ,  i t  can be assumed t h a t  t h e  f1uct:uations i n  u n f i l t e r e d  TFZ 
c u r r e n t ,  represented  by  conver ter  switchirlg wi th  pulse  width modu- 
l a t i o n ,  a r e  no t  de t r imen ta l  t o  the  thermionic d iodes .  Diodes have 
long thermal time cons tan t s  of s e v e r a l  seconds a t  l e a s t ,  so  the  
r ap id  switching w i l l  no t  a f f e c t  i n s  tantancous temperatures.  

F i l t e r i n g  i s  no t  needed from the  standpoi.nt- of t h e  diodes.  However, 
ins t an taneous  changes i n  c u r r e n t  between :some l a r g e  value and zero 
w i l l  cause l a r g e  ins tantaneous  changes i n  diode output  vol tages  a: 
shown i n  Figure 2 - 1 7 ,  which p resen t s  typical. I - V  c h a r a c t e r i s t i c s  c %  
the  d iodes ,  During t h e  i n t e r v a l s  when c u r r e n t  i s  zero,  diode vo l t age  
w i l l  go t o  ra ther*  h igh  va lues .  Iilence, from the  s t andpo in t  of p ro -  
t e c t i o n  of t h e  ccbnverters, i npu t  f i l t e r i n g  i s  requi red .  I n  a d d i t i o n ,  
the  f i l t e r  c i r c u i t s  provide nea r ly  cons tan t  c u r r e n t  f l o w  i n  the  l c ~ w  
vol tage  leads  duxeing the conver ter  switching,  and e f f e c t i v e l y  reduce 
the  low vo l t age  cab le  power l o s s .  (Refer t o  Appendix C f o r  t h e  f i l t e r  
c a l c u l a t i o n s .  ) 

Sola r  c e l l  systerls should n o t  r equ i re  input  f i l t e r s  because of t h e  
r e l a t i v e l y  constzint vo l t age  a t  low c u r r e n t s ,  Note the t y p i c a l  so-lax- 
I - V  c h a r a c t e r i s t : i c s  a t  low c u r r e n t s  on Figure  2-20 (10) i n  cornpar-lson 
t o  T E  c h a r a c t e r : i s t l c s  on Figure  2-17. 

Current  t r a n s f o r ~ n e r s  i n  the conver te r s  ar-e included t o  provide si:$- 
n a l s  represent in , ;  WE, c u r r e n t s  f o r  sys tecl con.trol  f o r  load s h a r i n  ;, 
r e a c t o r  c o n t r o l  ,3nd f o r  te lemetry  informc,tion, 

The two output  vol tage  l e v e l s  a r e  c r e a t e d  by s e p a r a t e  secondary 
windings on t h e  same s i n g l e  power t ransformers .  Each output i s  
furn ished  w i t h  i t s  own f u s e  o r  l i m i t e r  t o  p r o t e c t  the conver ter  
a g a i n s t  p h y s i c a l  damage i n  the event  of a load f a u l t  o r  a d i s t r i -  
b u t i o n  l i n e  f a u l t .  The a l t e r m  t i v e s  t o  t h i s  type of p r o t e c t i o n  f o r  
these  f a u l t s  r equ i res  f u r t h e r  considera t ion. 

The e l e c t r i c  sys  tern performs load sha r in ;  colntrol a s  w e l l  as  vo l t age  
regu la t ion .  
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Figure 2-20, Typica l  I - V  Curve of Thin S o l a r  C e l l  

During each of: the  t h r e e  modes of operi2tion; normal, one-half 
vol tage  wi th  one TFE f a i l e d ,  and 10 percent  power, t h e  load s l ~ a r i n g  
by the  TFE's c o n t r o l l e d  by pu l se  width modu.l.ation cyc l ing  of t h e  
i n d i v i d u a l  c o r ~ v e r t e r s ,  Control  of th.e i n v e r t e r  conduction cyc le  
r e l a t i v e  t o  the  non-conduction time i s  exerc ised  by I-egulating 
c i r c u i t s  whicll sense  t h e  inpu t  c u r r e n t ,  Modifying func t ions  t c  the  
c o n t r o l  i s  the: l o c a t i o n  of the  TFE i n  the r e a c t o r ,  and whether t h e  
system i s  opera t ing  i n  t h e  c o a s t  phase,  

During normal and h a l f  vol tage  opera t ion ,  when the  p r i n c i p a l  load i s  
the  t h r u s t e r  screens  and t h e  high vol tage  output  i s  u t i l i z e d ,  ~ r o l t a g e  
r e g u l a t i o n  i s  exerc ised  by r e g u l a t i n g  c i r c u i t s  which sense the h igh  
vol tage  a t  the  load bus and c o n t r o l  the r e a c t o r  opera t ion  t o  maintain 
t h i s  vol tage (:onstant, The 250-volt output  i s  s e p a r a t e l y  regula ted  
by phase cont  tolling SCR's a s  the  r e c t i f i e r s  i n  i t s  output  c i r c . u i t .  

During the c o a s t  per iod  when 10 percent  power i s  r equ i red ,  the  
t h r u s t e r s  a r e  deenergized, and t h e r e  i s  no load on t h e  3100-volt 
bus.  Reactor c o n t r o l  i s  maintained by switching r e g u l a t i o n  t o  the  
250-volt  bus.  
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To provide the  necessary c o n t r o l  func t ions  t h r e e  s e t s  of c o n t r o l  
c i r c u i t s  a r e  inc luded,  The f i r s t  s e t  ope ra tes  on the  main c o n v e r t e r  
t r a n s i s t o r  base  d r i v e s  and regu la tes  t h e  TFE load sha r ing ,  sensed 
a t  t h e  individual.  power conver ter  inpu t  bus.  The second s e t  of y 

c o n t r o l s  r e g u l a t e  the  output  vol tages  by adjustment  of t h e  reactor.  
and t h e  SCR phase c o n t r o l  of the  250-volt bus.  

The t h i r d  s e t  of c o n t r o l  c i r c u i t s  opera tes  t h e  c o n t a c t o r ,  1~11ich 
switches the main t r a n s i s t o r  groups from the normal t o  t h e  112- 
vo l t age  t a p s ,  These c o n t r o l  c i r c u i t s  sense  vol tage  unbalance i n  the 
TFE p a i r s  and opera te  the  con tac to r s  i f  t h e  vo l t ages  become 
unbalanced because of a  f a u l t  i n  one of the  TFE's. 

2.3.5.2 Thruster 

The requirement i h a t  the  power convers ion  equipment opera te  from 
i n d i v i d u a l  T?E p ~ i r s  s o  t h a t  t h e  opera t ing  cond i t ions  of t h e  TFE ' ; ;  
be  c o n t r o l l a b l e  j .ndividual ly,  r e q u i r e s  a  system i n  which t h e  outpil ts  
of the  individual.  power conver te r s  can be combined e l e c t r i c a . 1 1 ~  a.: a  
DC l e v e l .  Severa l  f a c t o r s  suggest  t h a t  one of t h e  vol tage  l e v e l s  of 
the combined conver ter  ou tpu t s  be t h a t  requi red  by the  ion  t h r u s t e r  
sc reens ,  which i n  t h i s  c a s e  i s  3100 v o l t s .  

Three-qiiarters of the  t o t a l  r e a c t o r  c a p a c i t y  i s  con- 
sumed by t h e  t h r u s t e r  sc reens .  O f  t he  t o t a l  of 300 
kilowat1:s r e a c t o r  e l e c t r i c a l  ou tpu t ,  223 k i lowat t s  i s  
requi red  b y  the screens  of t h e  2 1  ope ra t ing  ion  eng ines ,  

I f  anotlrer vol tage  were used for  d i s t r i b u t i o n ,  an 
add i t io l l a l  conversion process  wc,uld be requi red  t o  
provide sc reen  power.  addition^ 1 conversion i s  
~ n d e s i r ~ l b l e  because i t  involves a d d i t i o n a l  weight and 
addi t io iza l  l o s s e s .  

A h igh  d i s t r i b u t i o n  vo l t age  s u c l ~  a s  t h a t  requi red  by 
t h e  sc reen  supp l i e s  tends t o  minimize conductor s i z e  and, 
hence, conductor weight i n  the d i s t r i b u t i o n  l i n e s .  

I n  order  t h a t  a  common sc reen  supply be f e a s i b l e  s e v e r a l  f a c t o r s  must 
be considered.  I f  a l l  screens  a r e  fed  from a  conunon supply a l l  a r e  
in terconnected  e l e c t r i c a l l y .  Hence, i t  :.s necessary  t h a t  such i n t e r -  
connect ion be conpa t ib le  w i t h  the  cornple1:e e l e c t r i c a l  system, 
inc luding  the t h r u s t e r  a u x i l i a r y  power c o n d i t i o n e r s .  Also,  i t  must 
be p o s s i b l e  t o  i s o l a t e  i n d i v i d u a l  t h r u s t e r s  from the  common supply 
i n  the  event t h a t  the  t h r u s t e r s  f a i l  on rnoinentary arc-over .  



To da te  opera t iqg  experience has been confined t o  t h e  opera t ion  of 
s i n g l e  t h r u s t e r s  wi th  t h e i r  own power s u p p l i e s .  There i s  no known 
case  of the  opera t ion  of s e v e r a l  t h r u s t e r s  from a  col-nmon supply.  
However, t e s t s  o f  th ree  and more devices  from a common supply a r e  
planned i n  the ' r iear  f u t u r e  a t  General ElecL-ric i n  Evendale, Ohio. 
S tud ies  have shown 110 s i g n i f i c a n t  proble  ns . 
Examination of t h r u s t e r  e l e c t r i c a l  connect ions which have been used 
t o  d a t e  (References 7 through 10) show t h a t  one s i d e  of the  screen  
supply connects t o  system ground and the  o t h e r  t o  the  t h r u s t e r  screen .  
A small  r e s i s t o r  i s  u s u a l l y  i n s e r t e d  i n  the  nega t ive  o r  ground lead t o  
provide a s i g n a l  r ep resen t ing  sc reen  c u r r e n t .  l'he sc reen  c u r r e n t  
s i g n a l  i n  the  camnmon supply conf igura  ti-c~n can be der ived  s a t i s  f a c t -  
o r i l ~ 7  e i t h e r  f r m  a  r e s i s t o r  i n  t h e  p o s i t i v e  lead  o r  from a c u r r e n t  
measuring t ransformer e l e c t r i c a l l y  i so l :  ted froin the  screen  powe: 
supply l eads .  Lndj-vidual f a u l t  i s o l a t i c + n  a l s o  can be accomplish zd 
by inc luding  an i s o l a t i n g  device such a:: a  s t a t i c  swi tch ,  a r e l a y  
c o n t a c t ,  a  fuse  o r  some o the r  c i r c u i t  i n t e r r u p t i n g  device i n  the  leads  
between the corrmon screen  supply bus ant1 the  individual.  Chrusters .  
Transient: i s o l a t i o n  t o  decouple the  ind:ividual t h r u s t e r s  from the  
cormnon sc reen  supply can be achieved by t h e  use of inductors  i n  the  
l i n e s  between the common sc reen  supply ,2nd the i n d i v i d u a l  t h r u s t e r s .  
I n  the  event  of a r c s  w i t h i n  the thsruste; between the  screens  a n d  t h e  
o ther  e l e c t r o d e s ,  t h e  i-nductors would prevent  the  c u r r e n t  from 
changing abrupt:ly and would absorb the supply vol tage  u n t i l  t h e  
t h r u s t e r s  coulcl be i s o l a t e d  from the  screen  supply Isy means of the  
i n d i v i d u a l  c i r c u i t  i n t e r r u p t e r s ,  

Thus, i t  appea::s f e a s i b l e  t o  opera te  a3.l t h r u s t e r s  from t h e  comnlon 
supply and thus avoid n ~ u l t i p l e  power ccnversion f o r  t h e  high vol.tage 
sc reen  power, This i s  a  major assuinption i.n t h e  design of the  
e l e c t r i c a l  sys  gem f o r  t h e  f iash1.i.i-e the l:rnionic r e a c t o r  sys  tern, :lnd 
i s  t h e  only i d s n t i f i e d  technique t o  e l imina te  the a d d i t i o n a l  1o:;ses 
and weight t h a t  would be  as soc ia ted  wii h providing t h r u s t e r  i so ' i a t ion  
v ia  a second power condi t ioning  s t a g e .  

The technique i d e n t i f i e d  f o r  t h r u s t e r  j -solat ion i s  presented  i n  
Paragraph 2 . 3 , 5 . 4 .  

2.3 .5 .3  Power Lec -- t ion 

The medium vol tage  power d i s t r i b u t i o n  i s  requi red  t o  supply power 
t o  the  remainj.ng t h r u s t e r  loads and the payload and h o t e l  loads .  
These a r e  i n  Imo l o c a t i o n s  w i t h  60 pe rcen t  of the  t o t a l  1oa.d r equ i re -  
ment near the r e a c t o r  and wi th  the  remstning 40 pe rcen t  near  the  
s p a c e c r a f t  t h ~ ~ u s t s e r s  , 



With 19 1We load loca ted  approximately 40 f ~ e t  from the  supply,  a  
reasonably h igh  vol tage  i s  necessary f o r  d i ~  t r i b u t i o n  t o  minimize 
cab le  weight and power l o s s .  Since many e l r . c t r i c a 1  components and 
i n s u l a t i o n s  a r e  r a t e d  t o  opera te  t o  600 VDC; al lowing 50 pe rcen t  
d e r a t i n g ,  an optimum p o t e n t i a l  of 250 volt: ;  was s e l e c t e d .  

A number of opt ions  e x i s t  i n  the  manner i n  ;;5ich the  two output  
vo l t age  l e v e l s ,  3100 v o l t s  and 250 v o l t s ,  c i x  be c r e a t e d  f o r  t h e  
m u l t i p l i c i t y  of in terconnected  modules, 

u t s  P a r a l l e l  - Medium VG s  P a r a l l e l  - 
This concept r e q u i r e s  h igh  vo l t age  r e c t i f i - 1 - 3  on the  output  of each 
module and- an  i i d i v i d u a l  f i l t e r  on each o u ~ n t .  

One o r  more modules, designated the  master  -:odule s h a l l  be  designell 
f o r  vol tage  r e g u l a t i o n ,  wi th  provis ions  f o r  adjustment of the 
r e a c t o r .  

I f  the h igh  vo l t age  outputs  a r e  designed t z r e g u l a t e  the  r e a c t o r  
c h a r a c t e r i s  t i c s ,  t h e  medium vol tage  output  3 ~ ~ o u l d  a l s o  be regu la ted  
adequately only i f  t h e  medim vo l t age  circ.:'_ts had the  same e1ect r . i -  
c a l  r e l a t i o n s h i p s  a s  the  high vol tage  c i r c l l t s .  To i n s u r e  proper  
vol tage  regu la t io r  of the medium vol tage  o  ::puts, r e g u l a t i o n  mus t l>e 
provided by phase c o n t r o l  of the  medium volzage  output  r e c t i f i e r s ;  
hence the need f o r  s i l i c o n  c o n t r o l l e d  r e c t i z i e r s  (SCR) , 

ts  S e r i e s  - Medium Vo l t e  s  P a r a l l e l  - Each 
high vol tage  c i r c c i t  output  would be r e l a t  vo l t age  (3100/ L O ,  
or  about 30 v o l t s ) ,  bu t  each would have t o  Larry f u l l  output  cu r reTz t .  
Hence, r e c t i f i e r  Fower l o s s e s  would be hig:, and would lower overa 11 
e f f i c i e n c y  by a p p ~  oximately 4 p e r c e n t ,  

Each module could be s e p a r a t e l y  vo l t age - rez '~ l_a ted ,  - wi th  the  o v e r a l l  
r e fe rence  v o l t a g e  l e v e l  ad jus ted  s o  t h a t  t?-c h igh  vol tage  i s  regu-  
l a  t ed .  

Only a  s i n g l e  high -vol tage  f i l t e r  would be requ i red .  To make t h i s  
f i l t e r  smal l ,  t h e  ind iv idua l  i n v e r t e r s  c o u l i  be s taggered i n  phase 
r e l a t i o n s h i p  s o  t h a t  r i p p l e  frequency woul.! be h igh .  

3100 v o l t  sc reen  suppl-y 
.Ia -1. 250 v o l t  h o t e l - / t h r u s t e r  supply 



If each h igh  vo l t age  output  were s e p a r a t e l y  r egu la ted ,  ~ r ~ v i s i o n s  
must be made t o  a l low the  medium vo l t age  output-s t o  s h a r s  the  load 
p roper ly ,  

.=uts S e r i e s  - Medium Vc 
Ind iv idua l  low vol tage  outputs  would be very low and co::ssponding 
r e c t i f i e r  l o s s e s  would be h igh .  This I s  no t  a  s a t i s f a c c ~ r y  a p ~ r o a c h  
f o r  t h a t  reaso.7. 

e  Colnve - --- 
High vol tage  ogtputs  i n  s e r i e s  or  paral.le.1, medium vol.t.rg? o u t p u t s  i n  
p a r a l l e l ,  each s e p a r a t e l y  r e g u l a t e d .  'I'he disadvantage : i t h i s  
approach i s  t h 2 t  two s e t s  of conver ters  a r e  r equ i red ,  a;_: r~eigl-i t  
would b e  h igh ,  

Of these  a l t e r n a t e s ,  the  h igh  vol tage  I,arallel-/inedium v.-- l :age 
p a r a l l e l  method, appears  s u p e r i o r .  It i s  heav ie r  than z:-_e higI! 
vo l t age  series/medium vol tage  p a r a l l e l  method, by v i r t c s  of 
r e q u i r i n g  i n d i v i d u a l  f il- t e r s  i n  the high-vol tage c i r c u i c  . b u t  i t  i s  
about 4 percent  more e f f i c i e n t .  For weight and e f f i c i e z : p  ca1c:u- 
l a t i o n s  , t h i s  i s  the  system which ~ i r i l l  be  assumed, To 2 chieve  
vo l t age  r e g u l a t i o n  of the medium vol tage  c i r c u i t s ,  p h a s e - c o n t r o l l e d  
output  17ect-iff e r s  a r e  assumed, althougir i t  i s  recogntzez -chat 1:he 
a d d i t i o n a l  r e g u l a t i n g  loop thus c r e a t e d  may be d i f f i c u l :  t o  cornstruct 
due t o  the  a f i e c t  upon system s t a b i 1 i t ; r .  These can be ~::aminetl i n  a  
more d e t a i l e d  s tudy . 

Screen C i r c u i t  Control  --- 
. < Each i n d i v i d u a l  t h r u s t e r  screen  i s  f ed  from t h e  common :.:gh vo Ltage 

bus a t  the  t h l u s t e r s  through a  s e r i e s  .lebirork consisti-r_; of a 11igh 
speed e l e c t r o r i c  switch (SCK)  and a  s e r i e s  r e a c t o r  ( L ) .  The SI:R 
i n t e r r u p t s  thc c i r c u i t  between the  pow3r supply and the  rhrustizr 
screens  i n  the  event  of a r c s  w i t h i n  thi3 t h r u s t e r s ,  a s  d s r e c t e d  by 
a  sudden drop i n  vol tage  a t  the  s c r e e n s ,  the  appearance -f vo l t age  
a c r o s s  t h e  se re ies  r e a c t o r ,  L, o r  some ~ t h e r  s i g n a l .  FcLlowing c i r -  
c u i t  i n t e r r u p t i o n  by the  SCR, energy s t o r e d  i n  L con t i r , l c~s  t o  supply 
power t o  the  a r c  f o r  a  per iod  of up t o  two mil . l iseconds,  The 3CR 
remains o f f  f o r  a  per iod  of 0 .2  second t o  a l low time fc: t he  a r c  t o  
c l e a r  and t h r ~ l s t e r  cond i t ions  t o  r e t u r n  t o  normal, Af ' i - r l r  0 . 2  
seconcl, t he  SCR i s  aga in  switched on, r e e s t a b l i s h i n g  s c z r e n  v o l t a g e  
and hopeful ly  rcs t o r i n g  f u l l  t h r u s f e r  opera t ion .  I f ,  E r r example, 
the  arc: r e s t r : ~ k e s  two more times w i t h i n  a  s l ~ o r t  per iod  rf t ime,  say ,  
5 seconds,  the  screen  supply t o  t h a t  t h r u s t e r  and t h e  :r.:uts t o  the  
a u x i l i a r y  power supp l i e s  f o r  t h a t  t h r u s t e r  a r e  permanellrly d iscon-  
nec ted .  This t h r u s t e r  i s  considered completely d isable :  and one of 

/ , ' 



t he  s i x  spa re  t h r u s t e r s  i s  placed au tomat ica l ly  i n t o  o p e r a t i z n  t o  
r ep lace  i t .  

During the  s p a c e c r a f t  c o a s t  per iod  when t h e  t h r u s t e r s  a r e  no: r equ i red  
t o  opera te ,  power t o  the  t h r u s t e r s  i s  disco.lnected by the s r t i c  
switches i n  the  sc reen  supp l i e s  and b y  the  ontr tractors i-n t h s  i n p u t  
c i r c u i t s  t o  the  a u x i l i a r y  t h r u s t e r  power s u p p l i e s .  

A s i m p l i f i e d  schematic diagram of the  s t a t i c  swi tch  used a s  :he 
sc reen  c i r c u i t  i n t e r r u p t e r  i s  shown i n  F igure  2 -21A.  A num'cer of 
SCR's a r e  connectecl i n  s e r i e s  t o  wi ths tand the  h igh  vol tage  2 f  t h e  
sc reen  supply,  and t h e r e  a r e  r e s i s t o r  nekvorks ac ross  the  SCrLts and 
the  r e s i s t o r - c a p a c j  t o r  netrvorlis t o  provide f o r  proper  s tead?  s t a t e  
and t r a n s i e n t  volt2 ge d i v i s i o n .  

One advantage of us ing  i n d i v i d u a l  i n t e r r u p t e r s  f o r  each t h r c r  t e r  i s  
t h a t  each t h r u s t e r  sc reen  supply conceivably can be fed by 5:s own 
i n d i v i d u a l  t ransmiss ion  l i n e .  This provides a  measure of r z  f undanc y 
i n  the transmissiorl  system, The same system of i n d i v i d u a l  zzans-  
mission l i n e s ,  howtiver, can a l s o  be employed w i t h  a  s i n g l e  - + ; i t c h ,  
i f  loca ted  wi th  t h e  power conversion equipment near  t h e  r e a l - o r .  
Another considerat:-on i s  t h a t  the  i n t e r r u p t i o n  of t h e  h igh  -;?Itage 
sc reen  supply must be coordina.ted wi th  the  i n t e r r u p t i o n  of - = h e r  
s u p p l i e s ,  inc luding  the  vapor ize r ,  a r c ,  s c r e e n ,  and a c c e l e r z r o r  
supp l i e s .  

As a l r eady  descr ibed ,  the  e l e c t r i c a l  sys ten  configured f o r  c';e f l a s h -  
l i t e  thermionic r e a c t o r  i s  based on t h e  use of a  common s c r e e n  supply ,  
w i t h  i n d i v i d u a l  s t t i t i c  c i r c u i t  i n t e r r u p t e r s  provided f o r  e a z 5  
t h r u s t e r .  The i n t e r r u p t e r s  opera te  immediately upon t h e  de-,-zrlopment 
of  a f a u l t  and s e r  Les inductors  provide the energy necessar:;- t o  c l e 3 r  
the f a u l t ,  a s  w e l l  a s  providing momentary, t r a n s i e n t  c i r c u i :  
i s o l a t i o n  during f ~ u l t s  . I n  order  t o  mininiize sys tem weigh= .. i t  i s  
assumed t h a t  e lectromechanical  switches fora permanent c ircrrFr  
i n t e r r u p t i o n  a r e  not  requi red .  

One a d d i t i o n a l  a l t e r n a t i v e  could be cons idered ,  The above f i s c u s s i o n  
sugges ts  t h a t  each t h r u s t e r  screen  c i r c u i t  be provided w i t t  i t s  own 
c i r c u i t  i n t e r r u p t i 3 n  device.  This suggests t h a t  any thrus  c z  r t h a t  
a r c s ,  i n t e r n a l l y ,  -an be i s o l a t e d  individuz l l y  f o r  the  r e q r ~ z e d  pe r iod  
i n  order  t o  al low the  a r c  t o  c l e a r ,  withoul i n t e r r u p t i n g  pcqzl=.r t o  t h e  
o t h e r  t h r u s t e r s .  4nother mode of opera t ion  i s  t o  i n t e r r u p t  Tower t o  
a l l  t h r u s t e r s  when an  a r c  occurs i n  any onc of them and t h s r  t o  
re-apply power a f t e r  the  prescr ibed  delay p e r i o d ,  a l lowing z-,e a r c  t o  
c l e a r .  This somewhat reduces the t o t a l  average t h r u s t ,  b u t  s l s o  
reduces the amount of  switching equipment r equ i red  from 37 ; i e c e s  t o  



one p iece .  Of course ,  some means s t i l l  must be provided t o  permit  
i s o l a t i n g  indivi-dual t h r u s t e r s  should t o t a l  t h r u s t e r  f a i l u r e  occur .  
These a l t e r n a t i v c : ~  a r e  i l l u s t r a t e d  i n  Figure 2-21. This l a t t e r  e 

arrangement, i n  e f f e c t ,  t r e a t s  the  e n t i r e  t h r u s t e r  a s  a  s i n g l e  
t h r u s t e r  except {:hat i t  al lows i s o l a t i o n  of t h e  i n d i v i d u a l  p ieces  
when necessary ,  

Fur ther  s tudy may be requi red  t o  f i rmly  decide between these  two 
approaches.  ']_'he system which provides sepai~a  t e  i s o l a t i o n  f o r  each 
t h r u s t e r  i s  p r e f e r r e d  a t  t h i s  time, because of i t s  g r e a t e r  r e l i a b i l i t y ,  

2 -3 .6  MAIN CONVERTER MECHANICAL DESIGN 

Components of the  main power cond i t ione r  a r e  t o  be mounted us ing  2 

b a s e p l a t e  i n t e g r a l  t o  the r a d i a t o r .  Fig11~r.e 2-22A shows the coinpo- 
nen t s  configured w i t h i n  a one square foot: a r e a .  The suggested 
layout  was designed t o  accep t  power a t  one s i d e  and have the outputs  
on the oppos i te  s i d e ,  thus s impl i fy ing  the  component c o n s t r u c t i o n ,  
t e s t i n g  and i n t e g r a t i o n .  

2.3.6.2 a 3 o n c n t  S ize  

The following ccrinponents have been s e l e c t e d  f o r  use i n  the  main power 
c o n d i t i o n e r s .  bfeighrs f o r  each device i; shown i n  Table 2-8. 

e Input  l ' i l t e r  

Incluctor: 2 . O r '  x 4.0" d i a .  
5  h ,  4 t u r n s ,  5 cm leng th  10 cm diame t e ~ '  
Awg # I t ,  copper wire 

Capaci tor :  1 . 3  x  2.5 x 3.0" H 
4 - GE-KSR Tantalum F o i l ,  
200 p f ,  100v, t ype  29F3265 

Bypass R e c t i f i e r s  : 2,5" x 1.2" d i a ,  
200A, 200v 
Type GE-IN3 264 

I n v e r t e r  
Transformer: 5.0" x 3.0" >: 4,O" H 

E l e c t r i c a l  s t e e l ,  Hymrz-80 
Input  : 14-lGVDC, 196.9A maximum 
Outputs : 3100VDC, 2.3A 

250 VDC, 1 . 7 A  ,ev- "3 -2 
Tapped Primn1.y I 

2-61 



THRUSTER 
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A .  INDW1:JUAL S C R E E N  CIRCUIT INTER1:UPTION 

Figure 2-21. Alternative Screen Supply  
I n t e v r u p  tion Techniques 

a 





. I n v e r t e r  (Continued) 
T r a n s i s t o r s ,  mounted on two panels  bonded t o  r a d i a t o r ,  

a s  i l l u s t r a t e d  on F igure  2-23. 
S i x  t r a n s i s  t o r s l h e a t  sin.k t r a n s i s  t o r  
T rans i s  t o r  type : Wes t inghouse 1776 -1460 
0.5" x 0.9" d i a .  
60A, 140v 

HV Output R e c t i f i e r s :  Bonded block., 1.0" x 1.0" x 0.5"R 
12 diodes/bl.ock, 3 d iodes lbranch  
Diodes: 3A €:OOv 

Type.: GE-Al5N 
0.15 x 0.2 d i a .  
Axiz.1 l ead  

HV F i l t e r :  Induc to r :  2.25" x 1 .8"  x 1.8" H 
8 cu  inches  

Capac i to r :  3.8" x 1.6" d i a .  
Ax ia l  

. MV Output R e c t i f i e r s :  0.4" x 0.3" x 0.6" H 
3 - S i l i c o n  c t ~ n t r o l l e d  r e c t i f i e r s  
Stacked f l a t  pack 
SCR: Simila:: t o  Type GE-ClO6 

0.4" x 0.3' ' x 0.2" H 

MV F i l t e r :  
1nduct:orr 2.0' '  x 1.5" x 1.0" ;I 

Capac:.tor: 1.0" x 3.6" d i s .  
Tubular tantalum f o i l  

Contactor :  4.0' '  x 4.0" x 3.0" H 
250A, 12OVDC,  DPDT, l a t c h i n g  

. Contro l  C i r c u i t s  : 3.0" x 3.0" x 1.5" H 
(Base dr i l re ,  SCR 5 c o n t r o l  boards 
phasing)  2 power t r a n s i s t o r s ,  s i m i l a r  t o  1776-1460 

. Current  t,:ansformer: 1.0" x 1.0" x 1.0" H 
2 t o r o i d s  and power supply 



EACIJ TRANSISTOR 
0.9" DIA 

HOIJE 1 . 0 n1.A 
FlLLED Vole 

:iigure 2-23. Trans i s  t o r  Mountil~g D e t a i l  

2.3.7 AUXILIAR'f POIJER CONDITTONING __?_i-Y-YL-IYI---- 

2.3 .7 .1  EM Pun3 P o ~ ~ e r  Condi 

- - 

andL hence the  efficiency i s  poor .  

I n  order  t o  o b t a i n  the  extremely lo:$: DC output  vo l t age  requi red  a t  
t h e  pumps, s t a r d a r d  low-voltage con-rsrs ion t o  a h igher  ou tpu t  vo l t age  
i s  performed ar~d s e v e r a l  pumps a r e  cc i~nec ted  i n  s e r i e s .  Now, ru:ith 
the  r e c t i f i e r s  dropping 0 .7  VDC and :he output  t y p i c a l l y  LO VDC, an  
e f f i c i e n c y  of s.pproxirna t e l y  85 pe rcen t  i s  r e a l i z a b l e  . 



Two power c o n d i t i m e r s  a r e  used i n  the  system. One feeds t h e  main 
coo lan t  loop primary and secondary pumps which requ i re  10 1cW each. 
The o the r  feeds  the a u x i l i a r y  pump, the  s h i e l d  pump, and t h e  pro-  
p e l l a n t  pump, r equ i r ing  a n  es t ima ted  0 . 1  l<br each. Each of the  primary 
and secondary pumps a r e  assumed t o  be d iv iced  i n t o  10 p a r a l l e l  
f l u i d  d u c t s ,  r equ i r ing  0.5 v o l t  f o r  each d r c t ,  a11 connected i n  s e r i e s .  
The .condi t ioner  would have an  e f f i c i e n c y  of' 85 pe rcen t  a s  previous ly  
mentioned, 

The remaining pumps a r e  s i n g l e  duct  machines, which when connected 
i n  s e r i e s  r e q u i r e  a  power cond i t ione r  t o  stlpply 0.3 kW a t  1 .5  v o l t s  
DC. E f f i c i ency  f o r  t h i s  supply would be approximately 60 pe rcen t ,  
b u t  f o r  t h i s  r e l a t i v e l y  low power l e v e l  thc: l o s s  would be about 200 
w a t t s .  

Power cond i t ione r  c i r c u i t s  a r e  a  conventiolra.1 parallel-cornmutated S2R 
i n v e r t e r  wi th  a  counter-tapped t ransformer combined w i t h  a  low vol-tsge 
r e c t i f i e r  a s  shown i n  Figure 2-24 .  A stantlard 8 poundlklire output  
has been app l i ed  f o r  weight e s t ima t ion  f o r  the  main EM pumps. The 
c h a r a c t e r i s  t i c s  of t h e  power condi t ioning  :for the EM pumps a r e  
summarized on Table 2-11. 

An imnportant cons ide ra t ion  i n  making the  d ? c i s i o n  t o  use BC conduction 
pumps was the  r e a c t i v e  power weight pena1t:y occasioned by  usFng 
AC induct ion  pumps. For example, the f i v e  pumps i n  the  system 
using three-phase AC power, requi red  an estimated 1150 pounds f o r  
power cond i t ion ing .  This would be approxi  na te ly  equ iva len t  t o  3Q 
pound/KVA, which v ~ i t h  a  0.55 power f a c t o r  ~/~oerld be about 50 pound/kW. 
Largely,  the weiglit would be increased  due t o  the  c a p a c i t o r s  necessary 
f o r  c o r r e c t i o n  of the  power f a c t o r  and t o  the cab l ing  c r o s s - s e c t i o c a l  
a r e a  inc rease  l ~ e c c ~ s s a r y  t o  handle the r eac  t i v e  volt-amperes . 
2 . 3 . 7 . 2  Other Aul !% 

Auxi l i a ry  power condi t ioning  i s  a l s o  requi red  f o r  the  fol lowing 
opera t ions :  

Reactor Contro l  

. Power P l i ~ n t  Control  

. Spec ia l  'Con Engine Units 

Spacecraf t  Guidance and Control  

. Payload Power Conditioning. 



10 VDC 
OUTPUT 

F.lgure 2-24. DC-EM Purrlp 1 ower Condit ioning 
Parallel-Cornmutated SCR Converter 

The weight of the power cond i t ion ing  f o r  a l l  t hese  u n i t s ,  e:.:zept the  
s p e c i a l  ion  en:=ine u n i t s ,  i s  g r e a t e r  ttian t h e  8 pounds/lcWe -2tpu-t 
en~ployed f o r  t ' le  main EM pumps because of t h e  smal l e r  s i z e  : 5  t h e s e  
s p e c i a l  purpos 3 u n i t s ,  a s  shown i n  Tab:.e 2-11. Tile weights :resented 
i n  Table 2-21. f o r  the  s p e c i a l  ion  th ru : ; t e r  u n i t s  a r e  those :zo\.ided 
by J P L o  The e f f i c i e n c y  of these  auxi1.-ary u n i t s  i s  90 p e r  l e n t  . No 
l o s s e s  a r e  shozn f o r  the  s p e c i a l  i o n  ellgine u n i t s ,  s i n c e  t k l s  power 
l o s s  i s  a l r e a d y  fac to red  i n t o  the  ion  chrus ter  e f f i c i e n c y  -:set1 t o  
c a l c u l a t e  t h e  beam power. 

2.3.8 ELECTRIC CABLE DESIGN 

Three s e t s  of power d i s t r ibu t i .on  cab les  a r e  requi red  f o r  t h t  f ' lash- 
l i t e  r e a c t o r  e l e c t r i c a l  sys tern. Low v3 l t age  cab les  conduct sower 
from each TFE p a i r  t o  t h e  correspondin;  power cond i t ion ing  s_7dl1lej 
an.d medium vo l t age  cab les  d i s t r i b u t e  power from the  mediurc - , ->lcage 
bus i n  the  pober condi t ioning  bay t o  t h e  h o t e l  loads near  t:-.s r e a c t o r  
and near  t h e  t h r u s t e r s .  Screen supply power i s  d i s t r i b u t e <  -,.La t he  
h igh  vol tage  cab les  from the  power cond i t ione r s  t o  the  thr;:s r e r s .  



TABLE 2-11. AUXILIARY POWER CONDITIONING CHARACTERISTICS 

Main EM Pumps 

Auxi l i a ry  EM Pumps 

Reactor Control  

Power P l a n t  Contrcll 

Spacecraf t  Control. 

S p e c i a l  I o n  Engine 
Units  

I n  s e l e c t i n g  the m a t e r i a l s  and c r o s s - s e c t i o n  a r e a  of the  var ious  
c a b l e s ,  a  weight 13ptirnizatsion was performed. An op t imiza t ion  was 
made between c a b l e  weight and the  correspcndi-ng inver se  e l e c t r i c a l  
los ses  r e f l e c t e d  i n  the  compensating power p l a n t  weight .  

The following express ion  r e l a t i n g  the c a b l e  weight  t o  the  power l o s s  
was developed : 

Tota l  Weight = P 4- 0.05 I' 

where p = r e s i s t i v i t y  of the c a b l e  m a t e r i a l  
I = c u r r e n t  
L - length 
D = d e n s i t y  of the  cab le  m a t e r i a l  
P = power l o s s  



The f i r s t  tern1 i.s the  cab le  c o n t r i b u t i o n  and the second term i s  the  
power p l a n t  weight using a  p l a n t  s p e c i f i c  weight of 50 pounds/kWe. 

e 

The r e l a t i o n  for: minimum power l o s s  i s  obtained by taking the f i r s t  
d e r i v a t i v e  of the  weight equat ion  and so lv ing  f o r  minimum power wi th  
the  d e r i v a t i v e  equal  t o  zero,  which y i e l d s :  

where 

Optimized weigh.: f o r  the cab le  i s  then cb-kained by use of t h e  f i . : s t  
term of the  weight  equat ion.  The corresponding optimized cab le  c:ross - 
s e c t i o n  can be c a l c u l a t e d  once the  power l o s s  i s  known. 

C h a r a c t e r i s t i c s  of the fol lowing mater is  1s  were exanlined f o r  app'l i-  
c a t i o n  t o  the  th ree  cab le  s e t  requi remer~ts :  

A l u m i n a  ( A l )  

. Sodium (Na) 

. Beryllium (Be) 

Nickel Clad S i l v e r  (NiAg) 

. Nickel Clad Copper (NiCu) 

Sodium Potassium (MaK) 

Figure  2-25 shows a  compari.son of t h e  leading  candida te  m a t e r i a l s  f o r  
the  low, medium and high vol tage  c a b l e s ,  On t h e  b a s i s  of weight /  
power l o s s  opt imiza t ion  and mechanical i n t e g r i t y  a t  the  opera t ing  
temperatures ,  the  ma te r i a l s  summarized on Table 2-12 were s e l e c t e d  
f o r  the  cab le  s e t s .  The d e t a i l e d  optimization r e s u l t s  f o r  each of 
the  t h r e e  cable  systems a r e  presented  o : ~  Figures  2-26 through 2-28. 



o EFFICIESCY ' 93. 

Figure 2-25 .  Low Voltage Cable System Weights 

Figure 2 -26 .  Deta i led  Weight Op ti-miza t i o n ,  Sodium- 
S t a i n l e s s  S t e e l  Low Voltage Cable System 



Figure 2-27. Detailed Weight lptimization, Aluminum 
High Voltage Cab Ee Sys tern 

Figure 2-28. Detailed Weight' Optimization, Aluminum 
Medium Voltage Cable System 



The t o t a l  weight ::or a l l  t h r e e  c a b l e  systems is r35 l b . ,  and the  t o t a l  
power l o s s  i s  app:coximately 14,100 w a t t s ,  o r  4 , E -  percen t  o v e r a l l .  

Sodium/S t a i n l e s s  S tee  L 
----- 

Reactor Area Aluminum 

Aluminum 

A lurninum 

2.3.8.1 Lord Volt23se Cables 

%- 

ytv; 5 -- oh t 

- .  - i7 

7 

5 

6 

Considering the lm genera t ion  vol tage  (If ,  volt:: t h e  qrrant i ty  01' 
power t o  be t r a n s n i t t e d ,  and the  trar-nspori:ation ~ L s t a n c e ,  se1ect ic)n 
of the low vol tage cab le  m a t e r i a l  i s  more c r i t i i s l  than  t h a t  f o r  i:he 
o the r  c a b l e s .  An optimized system using a l l  cc;r.er would weight 
1120 pounds, and would incur  a  power l o s s  of 2 2 . 2 k W e  f o r  an 
e f f i c t e n c y  of 93 pe rcen t .  An a l l  aluminurn c a b ? ? ,  which wou,ld n o t  be 
s a t i s f a c t o r y  due t o  i t s  low s t r e n g t h  i r ~  t'xe hig7- temperature r eac  :or 
equipment bay, wculd weigh 800 pounds, an3 wouZ: be 94 .5  pe rcen t  
e f f i c i e n t  , A caE l e  which does have acceptable  _: zrength  c h a r a c t e r  - 
i s t i c s  and could be used a s  an a l t e r n a t e  i s  a c ; :~c ie  composed of c l p p e r  
i n  t h e  r e a c t o r l s k i e l d  a r e a  combined wi th  sn  alu:~~.inum cab le  f o r  t h e  
lower temperature a r e a s .  The combination c a b l e  -~7ould weight 990 
pounds, wi th  an  e f f i c i e n c y  of 93.6 pe rcen t ,  

The s e l e c t e d  c a b l e  conf igura t ion  i s  sodium e n c l r s e d  i n  a  10-mil t h i c k  
s t a i n l e s s  s t e e l  tube ,  weighing 690 pounds, f o r  : . ~ e  sodium and 227  
pounds f o r  the  tube.  The cab le  i s  connected tc :he TFE f l exwi re  a t  
the  r e a c t o r  and .:s wrap-routed ou t s ide  the shii2:5 and then routed 
a long the ou t s id (?  of t h e  power condi t ioning  bad;,  penetrat i -ng imtc t h e  
bay a t  the appropr ia t e  power cond i t ione r .  The : ~ r r e n t  c a r r y i n g  
c a p a b i l i t y  of  the s t a i n l e s s  s t e e 1  was ne,s,lec te"_rr the  op t imiza t ion .  
Considering the s t a i ~ z l e s s  s tee]., t he  Losses wo L ' J  be  lowered, which 
means the c a b l e  diameter could be reduced, res-.-:;ling i n  a  cab le  



weight reduct ion .  On the  o t h e r  hand, keeping the c a b l e  s i z e  con- 
s t a n t ,  t h e  e£ f i c i e n c y  could be improved. Consequently, t h e  t o t a l  e 

weight of 917 pounds and e fg ic iency  of 95.l+ percen t  would be a  ~ i o r s t  
c a s e .  

2 . 3 . 8 . 2  Mediur -- 
Weight opt imiza t ion  shows t h a t  aluminunl i s  the  p r e f e r r e d ,  r e a d i l y  
a v a i l a b l e  m a t e r i a l  f o r  t h e  medium and l-igh vol tage  cab1.e m a t e r i a l ,  
bu t  o t h e r  ma te r i a l s  such a s  copper may be used. The conductor 
m a t e r i a l  s e l e c t i o n  i s  no t  c r i t i c a l  when the  c a b l e  weights  and power 
l o s s e s  a r e  compared w i t h  o t h e r  system c o n t r i b u t o r s .  Nor a r e  c r o s s -  
s e c t i o n a l  a r e a s  of the conductors c r i t j  c a l ,  w i t h i n  l i m i t s .  

2 .3 .9  ----- COIQARPSON --- W119I S O U R  ELECTXIC -- T'ROPULSION --- POIER CONDITICNING - 
SYSTEM dEIGWTS 

Table 2-1.3 summarizes t h e  power conditt-oning system .cgeigfits fo r  a  
s o l a r  e l e c t r i c  propuls ion  s ys  tern under the fol lowing assurr;ptiar^:s : 

a, The component weights a r e  those i d e n t i f i e d  f o r  the  
Elasl- l i t e  r e a c t o r  power condi sioning 

b. The o v e r a l l  power l e v e l  i s  3013 kWe 

c, Yie povier cond i t ion ing  i s  acc3mplished by 108 s e p a r a t e  
un'ltst, each nominally r a t e d  a t  about  3 liWe 

d. The s o l a r  e l e c t r i c  power condi t ioning  i s  assumed t o  be 
90 pl i rcent  e f f i c i e n t  f o r  purp3ses of comnputing r a d i a t o r  
weigtlt . 

Comparison of these  r e s u l t s ,  which i n d i c a t e  a p o t e n t i a l  f o r  6 ,G 
pounds/lc\4e o v e r a l l ,  w i t h  the da ta  of Tables 2-7 and 2-8 shows t h a t  
the major causes f o r  the  h igher  weights f o r  t h e  o v e r a l l  po117er con- 
d i t i o n i n g  f o r  the f l a s h l i t e  thermionic r e a c t o r  s p a c e c r a f t  a r e  i n  the 
requirements f o r  t h e  fol1.owing compon.ents : 

a. Input  F i l t e r  

b Auxi l i a ry  P l a n t  Power Conditioning 

Screen Supply I n t e r r u p t e r  

O f  t hese  major a r e a s ,  both the  inpu t  f'i.1ters and the  a u x i l i a r y  p l a n t  
power condi t ioning  f o r  i tems such a s  I : l I  pumps, r e a c t o r  and povjer ,== 



TABLE 2-13. SOUR ELECTRIC POWEX CONDITIONIWC 
SUBSYSTEM WEIGI-ITS+,' 

COMPONENT 

I n v e r t e r  

Power t r a n s  former 
Trans is  t o r s  
Base d r ive  c i r c u i t s  
Output r e c t i f i e r s  
Cont ro l  c i r c r  i t s  
Hardware 

To ta l  f o r  one 

T o t a l  f o r  108 - 3  lc,Je (nominal)  modules 

High vo l t age  f i l t e r  

Thrus ter  A u x i l i a r ] ~  P ,C  , 

Sub t o t a l  

Radia tor  (90% e f f i c i e n t  P .C .) 
- -- 

Total. 
6 .6  Ib/kWe @ 300 1dJe 

* Based on f l a s h l i t e  r e a c t o r  power conditL.oning cornpone;: welg 



p l a n t  c o n t r o l ,  w i l l  be requi red  f o r  a11  t h r e e  r e a c t o r  concepts .  
However, the  t o t a l  inpu t  f i l t e r  weight w i l l  be l e s s  f o r  the  pancake 
and e x t e r n a l l y  fue led  r e a c t o r  based power p l a n t s  because fewer ur l i ts  
(perhaps only one),  and not  1.08, w i l l  be r equ i red .  

It i s  noted that: the r a d i a t o r  weight quoted f o r  t h e  s o l a r  e1ectr:Lc 
PC system i s  es1:imated t o  be about  30 percent  l i g h t e r  than  t h a t  
c u r r e n t l y  est imated f o r  the f l a s h l i t e  r e a c t o r ,  This occurs b e c a i ~ s e  
i t  i s  assumed t1la.t t h e  s o l a r  e l e c t r i c  system would no t  be subject :  t o  
a r e a  r e s t r i c t i -o i l s  imposed by launch v e h i c l e  shroud l e n g t h ,  which 
r e s u l t  i n  t h i c k e r ,  heav ie r  f i n s ,  r e l a t i t r e  t o  a minimum weight  
r a d i a t o r .  This e f f e c t  may a l s o  apply t c ~  the power p l a n t s  based on 
the  pamcalce and f l a s h l i t e  r e a c t o r s ,  and. i s  one of t h e  v a r i a b l e s  
being optimized i n  the design of a l l  thn.ee thermionic s p a c e c r a f t .  

2.4 P1IE-STARTU? TECNERATURES I N  EARTH ORBIT - 

An i n v e s t i g a t i o n  of r a d i a t o r  panel  temperatures was conducted f c r  a 
t y p i c a l  f i n - t u b e  geometry i n  a  750 nm sxm o r i e n t e d ,  e c l i p t i c  o r b i t ,  
I t  i s  shown t11a.t the  panel  tempera.ture E a l l s  below l Z O f  dur ing  t h e  
shade p o r t i o n  of the  o r b i t ,  thereby f r e e z t n g  the  NaM c o o l a n t .  I n  
t h e  absence of a n  Fnsulated preheat  or  an auxi . l iary energy source  
the r a d i a t o r  coo lan t  w i l l  be  f l u i d  only on t h e  sun s i d e  and f o r  a  
small  p o r t i o n  cf the  shade s i d e .  Tk~erefore,  system s t a r t u p  would 
have t o  occur c n  the  sun s i d e  of the  or- it. 

2.4.1 ANALYSIS 

A c r i t i c a l .  a s p ~ c t  of spacecl-aft  h e a t  r e j e c t i o n  system des ign  i s  the  
behavior  of the r a d i a t o r  under s t a r t u p  cond i t ions .  Funda.menta1 t o  
t h e  problem of s tar t rsp i s  the  necessi . ty f o r  t h e  r a d i a t o r  t o  resa)ond 
t o  i n c r e a s i n g  power loads .  This requirement demands t h a t  t h e  r , l d i a t o r  
coo lan t  be i n  i! f l u i d  conditi-on when s t a r t u p  i s  i n i t i a t e d .  

A s tudy was performed t o  e s t ima te  if the coo lan t  i n  the Thermi.o.nic 
Spacecraf t  r a d i a t o r  system would f r e e z e  during t h e  Launch and o r b i t  
s t a b i l i z a t i o n  pe r iod .  Since t h e  launch time, t r a j e c t o r y  and o the r  
s p e c i f i c s  a r e  unknown a t  t h i s  t ime, the o b j e c t  was t o  s e l e c t  a 
ty l? ica l  s i tua t : ion  and a s s e s s  tlze sever- i ty  of the r a d i a t o r  s t a r t u p  
problem. The t ~ ~ s ~ m p t i ~ r ~ s  used i n  t h i s  i n v e s t i g a t i o n  inc lude :  

a ,  Conduction f i n  o f f s e t  - tube g;eometry, s t a i n l e s s  s t e e l  
armor, s t a i n l e s s  s t e c l / c o p p e r  f i n s  (See Figure  2-29)  

b .  Inc iden t  heat  f l u x  v a r i e s  w i t h  positior-i a s  i n  a 750 nn 
e c l i p t i c  o r b i t  



c. NaK ( 7 8  w t  % K) r a d i a t o r  coo lan t  - f r e e z i n g  temperature 
'of 120F 

d ,  Radiat,or cmiss iv i ty  and s o l a r  a b s o r p t i v i t y  = 0.9 

e. NaK i s  pumped i n t o  loop j u s t  p r i o r  t o  s t a r t u p ,  t h e r e f o r e ,  
i t s  l a t e n t  h e a t  of f u s i o n  does not  c o n t r i b u t e  t o  r a d i a t o r  
h e a t  capac i ty  

f .  The radiafzor i s  c y l i n d r i c a l  and i s  slowly r o t a t i n g ,  

The a n a l y s i s  was performed wi th  the  THTD h e a t  t r a n s f e r  code. 

2.4 .2  RESULTS - 

The r e s u l t s  obtainzd from the a n a l y s i s  a r e  shown i n  Figures  2-30 and 
2-31, Examination of Figure 2-30 shows t h z t  f o r  a  wide range of 
r a d i a t o r  temperatures a t  the  beginning of the sun p o r t i o n  of' t he  
o r b i t ,  the  temperature of the  r a d i a t o r  w i l l  reach approximately 120 
t o  140°F by the  time i t  s t a r t s  the shade p o r t i o n ,  However, t h i s  
s i t u a t i o n  r e s u l t s  i n  a r a d i a t o r  temperature of -15OP by the  time t'ne 
v e h i c l e  aga in  rece ives  s o l a r  f l u x ,  I n  order  f o r  the  r a d i a t o r  t o  
remain above 12OF during the  e n t i r e  o r b i t ,  i t  mnust begin the swing 
behind the e a r t h  a t  about  3 1 0 ~ ~ .  The assurfiption t h a t  the NaIC i s  no t  
i n  the  r a d i a t o r  i s  not  requi red .  I t s  e f f e c t  i s  t o  reduce t h e  tempera- 
t u r e s  dur ing  h e a t ~ p  by about lO0F, and inc:-ease the  temperatures 
during cool  down 'by t h e  same anloeant, r e l a r i v e  t o  the  da ta  of 
Figures  2-30 and 2-31. 

Whether o r  not  the r a d i a t o r  w i l l  r e q u i r e  pre-hea t ing ,  i n s u l a t i o n  or 
an  a u x i l i a r y  powel. supply w i l l  depend on t ~ e  s t a r t u p  power p r o f i l e  
of the  remainder of the system. A d i s t i n c t :  possfb i l i t y  'is p r e s e n t  
f o r  system s t a r t u p  during t h e  sun p o r t i o n  of the  o r b i t ,  o r  us ing  ar. 
o r b i t  where a g r e a t e r  p a r t  of the  time i s  spent  i n  the  s o l a r  f l u x .  
A l t e r n a t e l y ,  an o r b i t  wi th  a  b e t a  angle o the r  than  90 degrees may be 
s e l e c t e d .  The r a d i a t o r  average temperature a s  a  f u n c t i o n  of b e t a  
angle  (angle  between the  sun ray and the o r b i t  p lane)  f o r  an i s o -  
thermal c y l i n d r i c a l  shape a t  an a l t i t u d e  of 750 nm i s  shown on 
Figures  2-32 and 12-33. The c y l i n d e r  considered w a s  o r i en ted  w i t h  i t s  
r o l l  a x i s  p a r a l l e l  t o  the e a r t h ' s  s u r f a c e ,  and perpendicular  t o  the  
e a r t h ' s  su r face .  The ends of the  cyl inder  were assumed t o  be blocked 
from see ing  the e < t e r n a l  s i n k ,  The e x t e r ~ a l  condi t ions  used were 
nominal, i n  rerrns of s o l a r ,  a lbedo,  e a r t h  and day of year .  



F i g ~ . r e  2-29 .  Model f o r  Tnermionic Spacec ra f t  
Rad ia to r  S t a r t u p  Study 

TIME - SECONDS 

Figure  2-30. Rad ia to r  Temperature on Sun Side  
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Figure  2 -31 .  Radia tor  Temperatlre on Shade Side 

The curves labe led  o r b i t  average i n  Figur2s 2-32 and 2-33 show th-I 
temperature f o r  the  whole body averaged over the  o r b i t .  Maximum 
ins tantaneous  i s  the  h i g h e s t  temperature during t h e  o r b i t  and 
miinimum ins tan ta r~eous  i s  the  lowest.  For  t h e  case  wi th  the r o l l  ::.:is 
p a r a l l e l  t o  t h e  e a r t h ' s  s u r f a c e ,  the mininum temperature i s  -144~" 
and f o r  the perp( :ndicular  case  the  minimun temperature i s  -175O~,  
when t h e  b e t a  ant;le i s  approximately l e s s  than 60'. The amount c i 
shade tirne during which the  s i n k  i s  t h i s  minimum value can be foc:G 
by r e f e r r i n g  t o  1:he curve i n  F igure  2 -34  which g ives  the amount c 2  
shade time a s  a  func t ion  of b e t a .  

C l e a r l y ,  proper  : ;e lect ion of the  e a r t h  depar tu re  o r b i t  w i l l  e l i rn i r .z te  
the need f o r  spec:ial. s t a r t u p  hea t ing  o r  i n s u l a t i o n  f o r  NaK-78 c o c l e d  
power p l a n t s ,  

2 .5 POWEK PUNT WEIGHTS 

This paragraph p r e s e n t s  the  c u r r e n t  s p a c ~ c r a f  t weights  i d e n t i f i e ?  
or  est imated f o r  t h a t  s p a c e c r a f t  based or the  bonded, wet c e l l  fl~sh- 
Zi.te r e a c t o r ,  a s  sun~narized on Table 2-14 and discussed below. Yr.2 
weight data  presented  inc lude  bo th  new cc~mponent e s t i m a t e s ,  a s  KE :I 
a s  those carried over from the  e a r l i e r  p z r t  of the study (Refere::? 1 ) .  



TABLE 2-14. SU - CIJRRE-NT TI-TEImQNIC SPACECI%4F'I' W E I ~ T S  FQR 
BONDED WET CELL FLhSHLIGjtIT REACTOR. 

** Estimated 1 

NOTES : 

(a)  Includes coolant ,  cesium rese rvo i r  and temperature con t ro l ,  
r eac tor  con t ro l  system (not  including PC) and reac tor  output 
power leads .  
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The format employed i n  t h e  weight p r e s e n t a t i o n  r e f l e c t s  t h a t  c u r r e n t l y  
evolving w i t h i n  N4SA (Reference 12) .  Although s u b j e c t  t o  minor - 
r e v i s i o n ,  i t  con ta ins  the  fo l lowing major elements:  

Propulsion System 

- Power P l a n t  Subsystem 

- Thrus ter  Subsystem 

. P r o p e l l a n t  Subsystem 

. Spacecraf t  Guidance and Cont rc l  Subsys tern 

. Payload Subsystem. 

The remainder of t h i s  paragraph d i scusses  t h e  sources  of the  weiglxt 
e s t ima tes  quoted. Weight changes,  where i d e n t i f i e d ,  a r e  r e l a t i v e  
t o  previous ly  repor ted  values (Reference 1). 



2.5.1 PROPULSXON SYSTEM WEIGHTS 

The propuls ion  system i s  def ined a s  the  power p l a n t  subsystem and tlze . 
t h r u s t e r  subsystem. It i s  noted t h a t  a:L1 power cond i t ion ing  corripo- 
nents  a s soc ia ted  wi th  t h e  ion  engine t-h:.-uster requirements ,  a s  w e l l  
a s  t h e i r  r e l a t e d  waste hea t  r a d i a t o r s ,  a r e  included w i t h i n  the  
t h r u s t e r  subsystem. 

Reactor we<-ghts a r e  those  provided by GI<-Nuclear l l ~ e r m i o n i c s  Power 
Operation f o r  t h i s  s tudy.  The maximum ope aria ti on about the 2960 
pounds quoted i s  4-80 pounds, depending 13n tlze r e a c t o r  coo lan t  tempera- 
t u r e  r i s e  and p ressu re  l o s s .  

Shie ld  weights a r e  those  i n i t i a l l y  estj-lnated f o r  the  l i t h i u m  hyc r i d  
neu t r& s h i e l d  (Reference 1)  . No perma.~ent  gamma s h i e l d i n g  i s  
i d e n t i f i e d  a t  t h i s  t ime, pending f u r t h e r  evaluat ior l  by ORNL, uncier 
the  requirement f o r  a  two-ser ies  -loop p rirnary coo lan t  sys  tem. 

Radia tor  weights a r e  quoted f o r  the  two-ser ies- loop system 
(Reference I ) ,  p lus  o r i g i n a l  e s t ima tes  f o r  a u x i l i a r y  and s h i e l d  
cool ing ,  based on Cu/SS m a t e r i a l s  f o r  0 . 95  non-puncture p robab i? . i ty .  
All. power condi. t ioning r a d i a t o r s  a r e  s e p r a t e l y  i d e n t i f i e d  b e 1 . 0 ~ .  

Coolant L0o.p -- w~l igh t  changes r e f l e c t  the  most r e c e n t  e s t ima tes  f o r  the  
two-series-1c)op sys ter-il, assuming th ree - inch  diameter ducts  i n  t h e  
primary loop. A l l  duc ts  have 60 m i l  s t 2 i n l e s s  s t e e l  w a l l s .  

Power Cable weights a r e  dominated by t h ?  LV c a b l e s ,  e i t h e r  alumj-num, 
o r  sodium encased i n  s t a i n l e s s  s t e e l .  f i e  FIV leads  a r e  assumed t o  be 
p a r t  of the ts11r.u~ t e r  subsys tem, which p 3 r t i c u l a r l y  recluires the bu lk  
of the  thermior~ic  r e a c t o r  e l e c t r i c  power output  i n  t h i s  app1icat: ion.  

Power Condi t i o r  weights q,uoted f o r  t h e  h o t e l  load a r e  
those i d e n t i f i e d  f o r  the  f l a s h l i t e  r e a c t o r  i n  Paragraph 2 . 3 .  

Power Conditior - weights quoted f o r  the  h o t e l  load power 
condi t ioning  rzidiators a r e  based on an  e a r l i e r  e s t ima te  of about: 
44 pounds/k{~ t l~e rmal  r e j e c t e d  hea t  (Reference 1 ) .  This weight  
e s t ima te  can btb reduced by a s  much a s  33 percen t ,  whi le  s t i l l  mcleting 
launch environnent s  t r u c  t u r a  1 requirements .  However, a  decrease  i n  
f i n  e f f i c i e n c y ,  and t h e r e f o r e  an o v e r a l l  i n c r e a s e  i n  the s p a c e c ~ ~ a f  t 
l e n g t h  and weight may be requ i red .  This p a r t i c u l a r  weight la rea  
t rade-off  i s  scheduled f o r  f u r t h e r  eva lua t ion ,  p a r t i c u l a r l y  a s  
r e l a t e d  t o  the  LV-to-RV power cond i t ion ing  r a d i a t o r  weight ,  

- 3  : /' 
0 i 
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2 . 5 . 4  PAYLOAD SUBSYSTEM 

Reported t o t a l  weights remain e s s e n t i a l l y  unchanged from those ' 

previous ly  repor ted .  Considerable  e f f o r t  i s  y e t  r equ i red  t o  d e f l n e  
the  e f f i c i e n t  u t : i l i z a t i o n  of the  n e t  2105 l b s .  of sc ience  payload. 

2 .5 .5  SUMPMRY -. - SPACECRAFT - WEIGHT 

The c u r r e n t l y  er:tima ted s p a c e c r a f t  propuls ion  sys  tem weight i n  e a r t h  
o r b i t  f o r  the f l - a s h l i t e  thermionic r e a c t o r  i s  17,  900 pounds, which 
t r a n s l a t e s  t o  

b . 74 .3  pounds/kdde ( M P P )  

2 .6  COMPUTER P1:OGlUM 

A computer progl-am i s  being w r i t t e n  t o  a s s i s t  i n  t h e  des ign  and o p t i -  
mizat ion of the thermionic r e a c t o r  power systems and s p a c e c r a f t  Eor 
speci.f ied s e t s  of cond i t ions .  The design l o g i c  of the  program h i s  
been s l i - g h t l y  a:.tered from t h a t  previous ly  repor ted  w i t h  the  modi.fie1 
l o g i c  a s  shown ..I? Figure  2 - 3 5 .  The charges inc lude:  

a .  An i t e r a t i o n  of the  s h i e l d  c h a r a c t e r i s t i c s  based on the  
computc!d s e p a r a t i o n  d i s t ance  of' the  power cond i t ion ing  
modules; from the s h i e l d .  

b .  EteratS.on of t h e  main radFatior. loop p ip ing  c h a r a c t e r i s t i c s  
p r i o r  110 the  i t e r a t i o n  of the  low vo l t age  c a b l e  cha rac t2 r -  
i s t i c s  r a t h e r  than v ice  versa E S  p rev ious ly  proposed. 

The system cond:.tions and conf igura t ion  opt ions  which w i l l  be 
designated and he ld  cons tan t  f o r  a  p a r t i c u l a r  c a s e  a r e  a s  fo l lows:  

Svs tem Contli t i ons  

. Gross r e a c t o r  output  power 

Missioll and r e a c t o r  opera t ing  times 

. In tegra ted  r a d i a t i o n  dose l i m i  t:s 

. Maximurn vehic le  diameter  
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Fi,;ure 2-35. S impl i f ied  Lr1gi.c Dia-gram 
f o r  Computer Progr'arn 

P r o p e l l a n t  Weight 

Payload weight 

Thrus ter  weight 

Payload power requirements 

Control  systems power requiremene 

Cesium r e s e r v o i r  power requirement 

Average s i n k  temperature 

Maximum r e a c t o r  temperature 

Maximum power cond i t ion ing  teinpe ra t u r e  

Maximurn s h i e l d  temperature 



Maximum coo lan t  temperature i n  each subsystem 

Maxirnulr, FC r a d i a t o r  (pass ive )  temperature 

. Number of redundant pumps pe r  sul>system 

Reactor type 

Re la t ive  r a d i a t o r  l o c a t i o n  - main r a d i a t o r  forward o r  PC 
r a d i a t o r  forward 

Shie ld  concept - normal s h i e l d '  o r  gamma s h i e l d i n g  provided 
by p r o ? e l l a n t  

PC cool-ing mode - a c t i v e  o r  pass ive  

Shie ld  cool ing  mode - a c t i v e  01: pass ive  

. Mater ia l s  s e l e c t i o n  f o r  each srlbsys tern inc lud ing  coolac t 
compositions 

Main. h e a t  r e j e c t i o n  loop confil ;uration - s i n g l e  loop or 
double loop i n  s e r i e s  

For a given s e t  of the above sys tem cond i t ions  and conf i g u r a t i o r  
o p t i o n s ,  the  program w i l l  determine the cha rac te r j . s t i c s  of t h e  power 
p l a n t  and the s p a c e c r a f t  which w i l l  pro,i ide the maximum power per 
u n i t  weight t o  the  t h r u s t e r  engines.  111 a r r i v i n g  a t  t h i s  0ptimt.m 
system, the  prcgram w i l l  vary and s e l e c :  the  optimum conibinatioi of 
the following sys tem condi t ions  : 

Vehicle length  

Shield h a l f  angle  

Reactcr  loop p ipe  diameter 

Rea-ctcr loop temperature r i s e  

Main r a d i a t o r  loop p ipe  dia~net?r+i  

. Main r , ad ia to r  loop flow rate:? 

Cross s e c t i o n  a r e a  of cab le  



. Heat exchanger e f fec t iveness*  

Main r a d i a t o r  a rea  r a t i o  

Shie ld  lcop p ipe  diameteriyiy 

. Shie ld  lcop coo lan t  temperature dropik7'i 

Shie ld  r a d i a t o r  a rea  ratioGi+i 

. PC loop p ipe  diameter7vik 

. PC loop coo lan t  ternperaturei1:g: 

. PC radiat.0.r a rea  ratioi'i+c 

Auxi l i a ry  loop pipe diameter 

Auxiliar>p loop coo lan t  temperature drop 

Auxi l i a ry  r a d i a t o r  a r e a  r a t i o  

Pass ive  IIC r a d i a t o r  f i n  t h i c k n e s s .  

I n v e s t i g a t i o n  of 1:he e f f e c t  of the  inpu t  sys  tern cond i t ions  and con- 
f i g u r a t i o n  on the  optimized system c h a r a c t e r i s t i c s  a r e  achieved by 
success ive  operati-on of the program w i t h  the  inpu t  values of i n t e r e s t .  

The complete progl'am, inc luding  the des ign  sequence, some of t h e  
i n d i v i d u a l  componc?nt models and the  i n t e g r a t i o n  of t h e  op t imiza tio.2 
technique,  m s t  bl: p a r t i c u l a r i z e d  f o r  the  react-or type t o  be 
i n v e s t i g a t e d .  However, models such a s  those f o r  t h e  shield and 
r a d i a t o r  componen.:s p r e s e n t l y  included i n  the  program a r e  g e n e r a l .  
Programming has been completed up t o  the  power cond i t ion ing  sys tems , 
and models have been defined f o r  a11  components. Some of t h e s e ,  such 
a s  t h e  s h i e l d  model, a r e  p re l iminary ,  and w i l l  be r e f ined  when 
s p e c i f i c  designs of these  components a r e  genera ted .  

D e t a i l s  of the  computer code w i l . 1  no t  be repor ted  u n t i l  a f t e r  i t s  
completion. 

* These i tems a p . 2 1 ~  only t o  a  dua l  loop conf igura t ion .  
*$i These items apply only i f  the  p e r t i n e n t  subsystern i s  a c t i v e l y  

cooled. 
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3 ,  CONCLUSIONS 

1. The corli-cal ( o r  c o n i c a l - c y l i n d r i c a l )  r e a d i a t o r  conf i g u r i ~ t i o n  , 
i n t e g r a t e d  w i t h  t h e  s p a c e c r a f t  and launched i n  t h e  u p r i g h t  
(apex:  t o p )  p o s i t i o n  on t h e  T i t a n  I I I C / 7  l a u n c h  v e h i c l e  (Ref - 
e r e n c e  I ) ,  w i l l  maximize t h e  IMEO and minimize t h e  e a r t h  o r b i t  
d e p a r t u r e  w e i g h t ,  Th i s  c o n f i g u r a t i o n  r e q u i r e s  t h e  minimum 
p a r a s i t i c  l aunch  s u p p o r t  s t r u c t u r e  of  a b o u t  4 . 3  pounds/lcide of  
Gross TJnconditioned Power (GUP) f o r  t h e  300 kWe GUP i n - c o r e  
t h e r m i o n i c  r e a c t o r  power p l a n t s .  S i n c e  240 kWe c o n d i t i o n e d  
power are r e q u i r e d  f o r  t h e  t h r u s t e r  subsys tem,  t h i s  wei;:ht 
p e n a l t y  may a l s o  b e  e x p r e s s e d  a s  a b o u t  5 . 4  pounds/k'izle o f  N e t  
P l a n t  I'ower (NPP) . 7': 

2 .  The tr. j .form and o t h e r  such  r a d i , ~  t o r  g e o m e t r i e s ,  such  a s  f l a t  
p l a t e  ::nil c u r c i f o r m ,  a r e  n o t  a t t r a c t i v e .  T h e i r  minimum p a r a -  
s i t i c  , c ; t r uc tu r a l  r e q u i r e m e n t s  a r e  a t  l e a s t  t w i c e  t h o s e  of t h e  
c o n i c a l  r a d i a t o r ,  because  t h e  r a d i a t o r  sys tem a v a i l a b l e  f o r  
u s e  as s t r u c t u r e  i s  n o t  e f f i c i e n t l y  o r i e n t e d ,  r e l a t i v e  t o  t h e  
conics.:. r a d i a t o r .  

The i n v e r t e d  (apex:down) o r i e n t a t i o n  on t h e  l a u n c h  v e h i z l e  i s  
n o t  a t l : r a c t i v e ,  Although i n i t i a l l y  a t t r a c t i v e ,  because  i t  p e r -  
m i t t e d  t h e  c o n c e n t r a t i o n  o f  maj o r  s p a c e c r a f t  w e i g h t s ,  t le  re- 
a c t o r ,  s h i e l d  and p r o p e l l a n t  a t  t h e  l owes t  p o i n t  d u r i n g  l a u n c h ,  
r e l a t i - v e  t o  t h e  l aunch  v e h i c l e ,  t h e  s t r u c t u r e  a v a i l a b l e  i l l  re- 
q u i r e d  power p l a n t  components i s  n o t  e f f i c i e n t l y  u t i l i z " .  R e -  
sul t i .nl ;  d e f l e c t i o n s  and l o a d s  ~ ~ o u l d  r e q u i r e  g r e a t e r  p a r 2 s i t i c  
s t r u c t ~ ~ r e s  f o r  b o t h  t h e  c o n i c a l  and t r i f o r m  r a d i a t o r  sy3ce-  
c r a f t ,  r e l a t i v e  t o  t h e i r  o r i . en ta , t ion  i n  t h e  u p r i g h t  p o s i t i o n  
( apex :~ lp )  on t h e  l aunch  v e h i c l e .  

4 .  S p a c e c r a f t  o f  t h e  t y p e  e v o l v i n g  i n  t h i s  s t u d y  w i l l  have  l owes t  
n a t u r a l  f r e q u e n c i e s  o f  t h e  o r d e r  of  one  c y c l e  p e r  second .  R e -  
d e s i g n  o f  t h e  a u t o p i l o t  f o r  t h e  T i t a n  I I I C / 7  l a u n c h  v e h i c l e  

- - - P - - - - _ - - U - . . - - - - - - - - - - - - - - - - - - - - - - - - - m - - m - - - - - - - - - - - m - - - - - - - - - m - -  

* Beam Yowei: = NPP q TS 

where MI,C = E f f i c i e n c y  of Main E'ower Cond i t i on ing  

'I 
T!; = E f f i c i e n c y  of T h r u s t e r  Subsystem, i n c l u d i n g  PC t o  

p r o v i d e  t h e  many s p e c i a l  t h r u s t e r  l o a d s ,  



w i l l  be r e q u i r e d  t o  pe rmi t  l aunch ing .  Th is  appraoch  w a s  u t i -  
l i z e d  i n  i h e  MOL program, and i t  i s  t h e  b e s t  t e chn ique  t o  

.maximize IMEO, 

5 .  No e lec t r ic  system redundancy i s  r e q u i r e d .  The f a i l u r e  o f  any 
one of the. 108 main c o n v e r t e r  u n i t ;  w i l l  r e s u l t  i n  a power 
l o s s  of l e s s  t han  one p e r c e n t .  A d $ 3 i t i o r ~ a b l y ,  t h e  r e a c t o r  i s  
de s igned  t:o p rov ide  a t e n  p e r c e n t  power margin.  

6 .  A l l  t h e r m i o n i c  r e a c t o r  main power condi t ion i -ng  u n i t s  w i l l  re- 
q u i r e  f i l t e r i n g  of t h e  r e a c t o r  i n p u t  power i n  o r d e r  t o  p r e v e n t  
damage t o  t h e  s o l i d  s t a t e  sw i t ch ing  u n i t s ,  due  t o  v o l t a g e  
s p i k e s  whj-ch w i l l  i n h e r e n t l y  occur  d u r i n g  s w i t c h i n g .  Fo r  t h e  
f l a s h l i t e  r e a c t o r  w i t h  108 main c o n v e r t e r  u n i t s ,  t h e  f i l . t e ~ .  
u n i t s  r e p r e s e n t  a weigh t  p e n a l t y  of  abou t  1 . 4  pounds/kWe ((:UP). 

The f l a s h ' l i t e  r e a c t o r  e l e c t r i c  sys tem f o r  t h i s  a p p l i c a t i o n  re- 
q u i r e s  t h a t  a l l  t h e  t h r u s t e r  u n i t s  o p e r a t e  i n  p a r a l l e l  o f f  of  
a s i n g l e  h igh  v o l t a g e  bus .  Th i s  r equ i r emen t  d i c t a t e s  t h a t  
e l e c t r i c  . i s o l a t i o n  be  provided f o r  e ach  t h r u s t e r ,  p r e v e n t i n g  
t h e  dumping of a l l  t h r u s t e r  beam power i n t o  a s i n g l e  thrus tzer  
u n i t  i n  t h e  e v e n t  of t h r u s t e r  a r c i n g .  The weight  p e n a l t y  :tor 
t h e  t h r u s k r  i s o l a t i o n  sys tem f o r  a l l  37 t h r u s t e r  u n i t s  i s  
abou t  1 . 5  pounds /kWe (GUP) . 

8 ,  N o  s p e c i a l  t he rma l  i n s u l a t i a n  w i l l  be requi- red  t o  p e r m i t  power 
p l a n t  s t a r t u p  i n  t h e  750 n a u t i c a l  m i l e  e a r t h  d e p a r t u r e  o r b i t ,  
when NaK-78  i s  employed a s  t h e  pri.mary r a d i a t o r  f l u i d .  I n  t h e  
wor s t  case, an  e c l i p t i c  o r b i t ,  s t z : r t up  p rocedures  would be  
i n i t i a t e d  on t h e  da rk  s i d e ,  where t h e  NaIC-78 does  f r e e z e ,  sgith 
a c t u a l  s t a r t u p  o c c u r r i n g  on t h e  s t ~ n  s i d e ,  where i t  i s  mol t2n.  



1. The s p a - e c r a f t  shou ld  employ t h e  c o n i c a l  o r  cr n i c a l - c y l i . n d r i -  
c a l  r a d i a t o r  c o n f i g u r a t i o n  and h e  launched ii- t h e  u p r i g h t  
(apex:up)  p o s i t i o n  on t h e  T i t a n  I I I C / 7  I a u n c t  v e h i c l e .  

2 .  C o n s i d e r a t i o n  shou ld  b e  g i v e n  t o  e l i m i n a t i n g  :he s tandaz-d 
l aunch  shroud  by employing t h e  r a d i a t o r  as t l : ~  p r ima ry  sh roud  
and d e s i g n i n g  a  s p e c i a l  sh roud  t o  cover  t h e  r e - a c t o r  durj-ng 
l aunch .  

3 .  The a s p e c t s  o f  t h e  T i t a n  I I I C / ~  a u t o p i l o t  r e - , i s s i g n  t o  ticcepe 
a  minimum payload f r equency  of  .:he o r d e r  o f  ere c y c l e  p(sr 
second shou ld  b e  i n v e s t i g a t e d .  



5.  NEW TECHNOLOGY 

N o  new technology items have been i d e n t i f i e d .  
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APPENDIX A 

; Data 

This appe,sdix p r e s e n t s  s e l e c t e d  r e s u l t s  from t h e  co1nputeri:red 
s t r e s s  a n a l y s i s .  Data a r e  p resen ted  f o r  t h e  fo l lowing  c o n f i g u r a t i o n s :  

. Upright Conical  - Unsupported 

. Uprignt  Conical  - Two Supports 

I n v e r t e d  Conical  - m o   support:^ 

Upr ight  Tri form - Unsupported 

The d a t a  presented  f o r  each c o n f i g u r a t i o n  a r e :  

. Bending Moment D i s t r i b u t i o n  

. Rendf ng S t r e s s  D i s t r i b u t i o n  

. Axial  Load Distri ' l3ution 

Shear Force D i s t r i b u t i o n  

E I  D i s t r i b u t i o n  

. Deflc c t i o n  D i s t r i b u t i o n  
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APPENDIX B 

E f f e c t s  of Thrus ter  krccng on Average 
Power Requirements 

It i s  known t h a t  a r c i n g  f requen t ly  occurs w i t h i n  mercury ion  engines 
( t h r u s t e r s ) ,  u sua l ly  between the sc reen  and the  o t h e r  e l e c t r o d e s .  
When t h i s  h a p p ~ n s  i t  i s  necessary t o  s h ~ t  the  engine down b r i e f l y  
t o  al low the  a r c  t o  ex t ingu i sh ,  then r e s t a r t  i t .  It i s  necessary t o  
determine how much does t h i s  f requent  a r c i n g  reduce the average 
power drawn by the t h r u s t e r s  and how i s  t h i s  l i k e l y  t o  a f f e c t  tke 
ins tantaneous  bus vo l t ages .  

1. Arcs occur 20 times per  hour i n  each t h r u s t e r .  

2 .  Thrusaers must be shut  down f c r  0 .2  sec  a f t e r  a r c  
p e r s i s t s  f o r  2  m s .  t o  allow a r c  t o  c l e a r .  

3 .  During; t h e  shutdown pe r iod ,  e f ' f ec t ive ly  power i s  
removed from the  t h r u s t e r .  

4 .  Each t h r u s t e r  nominally uses  7 . 7 5  kW, 

5 .  Thirty-one t h r u s t e r s  out of the  t o t a l  37 a r e  
a c t i v e  at: any given time. 

Propor t ion  of t o t a l  time any one t h r u s t e r  i s  out i s  

Proporticm of t o t a l  time a l l  t h r u s t e r s  a r e  out  i s  

3 1  x  O . O ( r l 1 1  = 0.0344, say 3.5%. 

Average power consumed by loads i s  96.5% of nominal. Sin.c.e 
a r c s  tend t o  c l e a r  up wi th  t h r u s t e r  age ,  droppling t o  perhaps 2 / h r . ,  
t h i s  reductiorr i n  average power can be ignored i n  c a l c u l a t i o n s ,  



Trans ient  Vo1 tage - 

One t h r u s t e r  r e p r e s e n t s  (1/31) of t o t a l  t h r u s t e r  load ,  which 
i s  a b u t  80% of t o t a l  r e a c t o r  load .  The:refore, one t h r u s t e r  i s  
(1/31) x .8 '= 2.6% load change. 

It i s  p o s s i b l e  t h a t  more than one t h r u s t e r  w i l l  a r c  a t  t h e  
same time, thus r aus ing  a  g r e a t e r  t r a n s i e . ~ t .  P r o b a b i l i t y  i s  a s  
fo l lows.  

A t  any giver1 i n s t a n t  of t ime, the p r o b a b i l i t y  t h a t  any one 
t h r u s t e r  w i l l  be out  i s  0.2 x 20 = . O r 3 1 1 1 .  

3690 
The p r o b a b i l i t y  t h a t  two w i l l  be out  s imultaneously i s  the  combination 
of 31  th ings  takt:n 2  a t  a  time times the p r o b a b i l i t y  of each 
happening. 

= 5.78 x 10-4 = 0.000578 - -- l e s s  tEan 0.1% 

Hence, f o r  za1cul.a t i n g  t r a n s i e n t s ,  s ssume t h a t  only one 
t h r u s t e r  goes o f f  a t  any one time. 



APPENDIX C 
e 

ZITPUT FILTER D E S I G N  

The vol tage  f lu( : tua t ions  - 3  t h e  power conver te r s  s h a l l  be confined 
t o  + - 2 . 5 ~ .  From the  TFE .--I curves ,  F igure  2 - 1 7  ; a  c u r r e n t  excurs ion  
of about + 50% about a  n.cr.;nal operating; p o i n t  of 165 amperes can be 
tolerated: 

Assume an  LC f i l t e r  and ;s sume t h a t  L  r e s u l t s  i n  cons tan t  c u r r e r t .  
Assume t h a t  the  load i s  ; ju lse-width  modulated (PTWI) c o n v e r t e r ,  a l s o  
assume the  opera t ing  frec.rency i s  10 1cH:~::. The f o l l o ~ ~ i n g  c i r c u i t  
a p p l i e s  : 

If the  c u r r e n t  i s  constar.:, E  must be c o n s t a n t .  Therefore,  v o l ~ a g e  
v a r i a t i o n s  ac ross  C a r e  r s f l e c t e d  i n  v a r i a t i o n s  a c r o s s  L. 

The design w i l l  accommo2zre a vol tage  range of 1 2  t o  17 v o l t s ;  
t h e r e f o r e  a t  m; ximum inp*r: vol tage  and minimum inpu t  c u r r e n t  the duty 
c y c l e  of the  P\'M w i l l  be ~ y p r o x i m a t e l y  50 p e r c e n t .  

When load i s  or1 (converts: conducting) c u r r e n t  i n t o  load i s  2 x 165 
o r  330 amperes, h a l f  f r c r  L and h a l f  from C .  

When load i s  OF£, c u r r e n r  i n t o  C i s  165 amperes from L 



1 i d t  
Voltage ac ross  C = c 

Although the c a l c u l a t i o n  f o r  C was b ~ i t * d  on t h e  assumption t h a t  
c u r r e n t  was corkstant, some v a r i a t i o n  -&-;j 11 occur t o  account  f o r  the 
vol tage  ac ross  L. 

Computation of a c t u a l  c u r r e n t  w a v e s k . ~ ~  i1 i s  a  complex t r a n s i e n t  
problem; an apl)roximation assumes cu.r.:isnt v a r i a t i o n  i n  L t o  be +8X - 
(al though 50% (:an be t o l e r a t e d )  and - . : i t  the  v a r i a t i o n  i s  l i n e a r .  

The r e l a t i o n s h i p  between vol tage  and z u r r e n t  i s  a s  fo l lows : 

Ldi = k t d t  



If the c u r r e n t  v a r i a t i o n  i s  0.10 1; 165 =; 16.5  amperes i n  
0.25 x 10-4 seconds, t h e  f i l . t e r  s i z e  may be  approximated as  fo l lows :  

1 P 2  1 L = 12.6rN 2 \ j r %  - i +  - 32r2  (/Pn 85 + - 4 ) 1 henrys 
R 1 

;k Hudson';: Manual, p .  195, Eqn. 787 

Let ,( = 5 c m ,  r = 5 cm 


